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FOREWORD

he follrwing peport constitutes Part L of the

3 gort of an investig-tion of infrared sensitive
ocathodés covering the period January 1, 1951 to
’er 31, 1952. This period is.that in which
axnerimental work was conducted, Duriny a part of
this period Robert O, Leacdh was employed part time,
espacially in comection with the work deseribed in
Section be3e

il
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© PHOTORMISSIVE SURFACES

1. INTRODUCTION

An initial step in the preparation of the infrared-
sensitive Ag-O-Cs photocathode involves the oxidation of
silver. The present _report deals with the oxidation of
silver by methods uased in photocathede preparaticn and by
related methods which contribute to an understanding of
the processes and products which are involved, The silver-
oxidation proceas constitutes, however, only one step in
a more general study of the preparation and properties
of Ag-0-Cs photocathodes. In order to place the present
reaport in its proper perspective, it seems desirable to
dezcribe briefly the over-all objectives c¢f the seneral
investigation and the manner in which the experiments
developed. This, together with a discuasion of report
organisation, constitutes the remainder of the introduction.

Even before the investigation of infrared-sensitive
rhotocathodes was begun two aspecte to ths problem were
recogniged., The first of these arises because the
chemical constitution and properties of the substances
which might be encountered were not well established,

For example, an oxidatlion process in which silver is made
the cathode in a glow discharee throush oxyegen is a K
scmewhat unusual one. There is no assurance that the most
common oxide of silver, Agz0, will bde produced, Other
oxides, perhaps not previousiy known, might well be {and
are) formed, Moreover, the chemustrv of cesium compounds
has not been extenaiveiy studied, althouzh several oxides
were known to exist. These Jdeficiencies in chemiecal
knowledge required some auxiliavy studies on systems in
bulk, in contrast to the photocathode investipation whieh
invoivas thin films. The second aapect to the probdlem
invelves the study of the Brepar&tion and properties of
the photocathode itself, espite the apparent simplicity
of the process it is found in practiece that the
preparation of infrared-sensitive photoeathodas ig not
easy. Reprodueibility may be poor even when rather
careful control is apparently exercissed at each stage.
Spectral sensitivities reported in the literature by .
different investigators may differ preatly and, aven
within the same laboratory, large and unpredictable
differances are encountered without recopnizable reason.
Huech evidence exists that concealed variables operate
whieh are uncontrolled because the chemical end physical

1



PN PR SOS S S S .

nature of the basic processes are not understood, In
order to remedy this situation a careful step-by-step
investigation of the prevaration of photocathodes
seened called for., It is also important to identify
the 80lid phases in the c¢athode and to determine its
chemical composition. Such a program has been carried
through and has met with a considerable measure of

success, esvecially during the last year of experimental
investigation,

. The investigation of the preparstion, composition
and propertiss of the photocathode is described in
two revorts, This 1s the first and deals with the
oxidation of silver. The second deals with the e &
development of infrared sensitivity during the addition
of cogium and glso with the comvosition of the final
cathode.

Another group of two revorts deal, resvectively,
with the erystal structures of two oxides of cesium,

Cs,0 and Csq0, We wish to acknowledge here a grant from
the University Committee for Allocation of Regearch
Foundation Grants which enabled Dr, Khi-Ruey Tsai to
carry out a portion of the work reported by him

on oxideeg of cesium. In the case of both oxides the
structures have been established and the atomie positions
determined with considerable accuraecy. Much useful
information concerning thelr preparation and chemical
properties has also been collected,

The nature of the reports in the two groups is
quite different. Crystal structure determination lends
itself to brevity of reportineg while the photocathode
investigation, because of its complexity, does not. It
sesms essentlal to report the experimental investigations
on photocathodes in considerable detail, Moreover,
gensral conclusgions usually can not be trusted unless
(1) reprodueibility is established and {2) all of the
established facts can be fitted into the general
framework, Item (2) involves reconsideration of a number
nf early experiments which were deseribed in proeress
revorts but which were not well understood at the time and
which were sometimes Iinterpreted incorrectly. This leads
to a deta’led and bulky report, The alternative, which
involves abstractin§ a8 few of the more siesnificant
results with a few illustrative examples, was considered
and rejected as baing mich less satisfactory. In order,
however, to avoid becoming lost in a mass of detail it
aeems desirable, in the intrcduction, to summarize a few



of the important résults and to discuss the chronologzy
of the experimental work. This serves as an introduction
to the present report (Part I) and to the next revport
(Part II)., These two reports are, in fact, closzely
related, Both deal with the preparation and properties
of photocathodes. Emphasis is on silver oxidation in,
Part I, and on the chemical and physical chanres
accompanyine cesium addition in Part II.

1.1 Chronolosical Development
of Experimental Work

The oxidation of silver was one of the first steps
to be studied in the present progrem. The products of
oxidation of silver wires by means »f osone and also by
radicfrequency (rf) glow discharge were investigated by
x-ray and slectron diffraction. It was established that
both Apgr0 and another oxide were formed 4in two lavers,
Ago0 being adjacent to silver and the other oxide being
in the outer layer. In the absence of detajiled
information concerning the structure and composition of
the second oxide, it has been designated as the \§
phase oxide. Preferred crystal orientation in evaporated
silver films was also studied and was found to be absent
when silver was deposited on glass but was present when
silver was deposited on a roecksalt substrate., On
oxidation no nreferred orientation in the oxide was found
in eithar casey These results have been discussed in
another report~,. It was also established by xeray
studies that cesium formed no alloy with silver, nor was .
it soluble to any simificant extent in solid silver,
Moreover, an xe-ray study of the products obtained on -
addine cesium to Ap,0 showad that at temperatures below
65°C a protective film of a higher cesium oxide, nerhaps
Cs,04, formed which prevented further reduetion of. Ag,0,
At h%gher temperatures the reaction rate increasaed and
lower oxldes were formed, anparently tendine toward the
vhase,equilibrium to be expected for the cesium-to-oxyren
atomic ratio of the sample. The final reduction produnct
of Ag,0 was metallic silver. No evidence was found for
any cOmpound which involved silver as well as cesium and
oxygen, althouoh a solid solution of a small amount of

silver in Ca,0 or other cesium oxides could not be
exeluded, ‘

At the beginning of the present contract, therefore,
it was the general conclusion that the silver oxides
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funetioned chiefly as a source of oxyeen which combined
with cesium as the latter was added, Since preferred
orientation was destroyed on oxidation and since oxygen
was removed from silver bv combination with cesium, there
was no obvious reason why the silver-oxidation should
excercise much influence on the finished photocathode

as long as enough oxygen was taken up. On the basis of
this tentative %and false) hvpothesis, attention was
therefore turned toward the next objactive, namelv,
the determination of cathode composition and the identl-
fication of s0lid nhss~s in the finished cathode.

Several photocathodes were prevared in order to
devalop the technique., Both semitransparent cathodes
and "massive" silver cathodes {(using silver sheet as the
bhase) were prevared, In these experiments there was a
noticeable tendeney for the masasive cathodes to have
much higher infrared sensitivity than the semitransparent
cathodes, It became clear that we rould not rely on the
instructions which aoneared in the literature for the
vrenaration of infrared-sensitive cathodes, Some rather
crude exploratory experiments on the effest of excess
cesium on massive cathodes were therefore conducted in
order to vwrovide the hasis for further develovment of
the technique. A search for tha source of trouble in
semitransparent cathodes was alao begun, One difficulty
which wsgs encountered lay in oxidizing a thin silver film
of initial white light transmission of 50% to 90%
transmission, Hence for the second time attention was
turned to the studv of the cilver oxidation. It was
thought that the relative proportions of Ag,0 and ‘¢
phase mentioned previously, might constitute an
uncontrolled variable. Detection of these two solids
in a thin film such as that encountered in a semitransonarent
cathode is, howsver, & difficult undertaking. The use of
x-ray diffraetion did not, at Tirst, seem hopeful since
even long exposures to x-rays incident perpendicular to
the film gave only a few weak linee mostly due to silver.
The weakness of the x-ray lines arises because of the
verv small cuantity of material in the x-rav beam, The
feasibility of xe~rav methods was onlv establiched when
it became evident that even in a semitrenaparent cathode
a considerable total quantitv of oxide was formed although
the amount ver unit area was small, If large enough
ervstals were formacd, then by Beraping material from a
larege area and loading it into a thin-walled capillary,
an 1dea)l powder sample could bs obtained for x-ray
diffraction, This offered manv advantages over either

8
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electron diffraetion or grazing incidence x-ray
diffraction. The x-ray study of oxidized silver
films by this method has been very successful and has
constituted the preving ground for this method, whieh
was later used with good success in studying the
finished photocathode.

In the x-ray diffraction investigation, silver
films of graded thickness were studied in order %o
obtain the effect of varying thickness within the same
film, Oxidation by ozone, rf glow discharre, and dec
glow discharge were all studied. Films oxidized to

transumission in ozone were found to contain
residual silver in considerable proportion while a film
oxidiged extensively in an rf discharge was found to
contain no residual silver and to have less than 90%
transmission. This suggested that light transmission
goes through a maximum as oxidation proceeds and this
was established in several experiments with a dc olow
discharge, vemitransparent photocathodes still proved
inferior to massive cathodes, however, even with a better
controlled oxidation.

It was decided at this point that the cesium i
addition step recuired better control, so a studv of the
development of thernmionic emission and photoelectric
sensitivity of massive cathnde tubes was undertaken
using fine capillaries to control the rate of addition
of cesium and a system of light filters to follow the
photosensitivities durinz cesium addition at 190°C. This
system was perfected to such a degree that both the amount
of cesium and oxygen present could be accurately measured,
and much valuable information was obtained concerning the
effect of process variables and also considerable
information coneerning the mechanism of reaction, One
interesting conclusion is that the reaction of cesium
with silver oxide in the photocathode is slow. &“ven with
the finest capillary which was used the reaction with thse
cathode was the rate determining step. The results
stronely suggest a diffusion controlled solid state
reaction, This in turn implies that crystals occur in
the cathode whose siges are sufficient to permit the
accumulation of an intermediate layer of such thickness
that diffusion throusgh the layer is slow ce¢ompared to the
rate of addition of cesium. This apgrees well with x-ray
diffraction studies on both the oxidized ailver films
and on the findehed cathode. The results of this study
are de?cribad in the second report. (Part II of this
series;. )
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At the same time, in order not to further delay
the composition study it was decided to carry out the
investigation using & radioactive cesium tracer on =

, prepared, however, by evaporating a
thick silver fiim on glass., Az this study developed
it became desirable also to limit cesium flow by a
fine capillary, and to follow the development of photo=
sensitivity with light filters. Much additional ,
{nformation was obtained in this way. In fact, the
two lines of investigation complemented each other in
a hishly satisfactory way. In the meantime, quantitative
means for the measurement of oxygen devosited in glow
discharre oxidation of silver had to be developed and
tested. Moreorer, the rate of dacomposition of the
oxide at the temperature of cesium addition (190°C) had
to be studied, Hence for the third time the oxidation
of silver was studied. The thermal decomnosition of
silver oxide was also studied., The amoynt of oxide
formed by the passage of a given quantify of charse in
the glow diascharge was obtained and also the
decomposition rate of the oxide was measured at various
temperatures. The objective of these experiments was
practical. The purvose was to control the extent of
oxidation and to verify that the extent of thermal
decomposition was negligible, i.e. that oxygen remained
on the cathode during cesium addition at 190°C, No serious
attempt was made to investigate the mechanism of either
the glow discharge oxidation or the thermal decomposition.
Nevertheless, the results may be of some practical

interest to others and hence are presented in Section 3
of this report.

Duaring the course of the cesium tracer experiments
a8 phenomenon was encountered which throws consideratle
licht on the difficulties experienced in the preparation

of infrared-sensitive semitransparent.cathodes. Using
an evaporated silver film of several thousand Angstroms
thickness, four photocathodes were prepared in order to
develop the technique. The last of these developed
infrared sengitivity after heating, so the tracer
experimnents were started, The next ten tubes were of
very poor quality, comparable with or worse than the
semitransparent photocathodes. OSverv varietion
conceivable at the time was tried in order to correct
this defect but without effect until the thickness of the
evavorated silver film wss increased. The infrared
sensitivity immediately rosa to that for a good messive
cathode tube and reaainsd there for all the remaining
tubes (ten or more). Thickness, however, is not the

6
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lﬁﬁniiieant variable bdecause a silver film even thinner

than the original and & ated at a loy rate

gave a very good infrared-sens tvp;ei%%gﬁb somparable
vith a massive cathode. This cathods was semitranasparent
when c¢ompleted, although with a conaideradbly thicker film
than the normal semitransparent cathale. This constitutes
a.clear-cut case in which the condition of the silver base
determines the subsequent development of the cathode to
suah a degree that none of the intermediate veriations
could significantly alter the final product. For this
reason alone the set of experiments described is very
useful. In addition, however, the composition of the
photocathode was determined, the ratio of the number of
cesium atoms to the number of oxygen atoms being about
146 « 1,8 for good infrared-sensitive cathodes, The
experiments are describved in Part II. '

b ¥ o

Finally, an x-ray investigation ¢f the finished

photocathode revealed, for infrared-~sensitive photocathodas{

only Cg20 and siiver, Some other constituent, either
silver oxide or a hi%her cesium oxide; must be present
in order to account for the radio tracer experiments,
but the proportion is too small to bs detected in the
xersy experiments. This work, together with the
radiocactive cesium tracer work, is described in Part

‘The final chemical picture of the photocathode is
as follows. The most infrared-sensitive photocathcdes
contain Cg20 which is very probably the sourge of
photoelectrons. The cathodes algo contain another oxide,
perhaps Cs,04, in intimate contact with Cs20. The second
oxide also has an important funetion which will be
disgussed in Part II. These conclusions concerning

cathode composition are supported by additional data
which are also discussed in Part II, :

1.2 Organization of Report
on Silwver Oxidation.

From the sbove dascription of the manner in which the
resaarch developed it iz evident that the silver oxidation
rocess has been studied on threse different occasions,

n each case the obhjectives were different and different
apparatus was used, This compiicates o some de e the
problem of organizing a report on ths sudbjsct. o avoid
confusion it seemsz worthwhile to indieate in mure detail
the manner in which the report is orraniged,

Te eliminate repstition im the descripntion of

4
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apparatus the exverimental techniques are described
together in Sgction 2 and referecnce to this section
is made thereafter in the following text.

After’a vonsiderable number of trials the dc
glow discharse was adopted as the oxidation procedure ,
for the prevaration.of tubes having both semitransparent
and massive cathodes. The raasons for this selection
‘together with a description of control methods ani -
‘results on the rate of ‘oxidation and of thermal
decomposition of oxide are given in Section 3.

The results of an xeray diffraction study of
oxidation products are given in Section L. In this
study attention was not confined to the glow discharge
oxidation. Instead, a variety of oxidation methods,
ineluding ozone oxidation; wers studied. This was
necessarv in order to investigate the number of solid
nhases opresent in the oxidation produrts. New solid
phasz28, not oreviously obtained, nave been found. Some
useful qualitative results pertaining to particle sizes
and ontiecal properties have also been obtained.

In Pection L.5 a brief suamary is given of the
effect of silver evaporation and oxidation on photocathode
pronerties, This point is discussed in more detail in
Port 1I, '

Section 5 contains an anpraisal of the present

status of the problem and suggestions for further work, =~

Conclusive evidence that the silver evaporation process
has a decisive effect on the finished cathode was obtained
rather late in the experimental investigation. As the
result, some gaps in our study of silver oxidation were

indicated which there was no time to fill. These are
‘pointed out in vection 5,

2. SEPRINaNTAL MATEUDS

In this section the details relating to the - -
experimental eaquipment and orocedures used to studv the
oxidation of the silver are discussed, The orpanization
of the secticn is based upon the order involved in
performing the experiments. The topics considered are
as follows: (1) tube cdesign, (2} vacuum systems, (3)
oxidetion methods, (L) oreparation of silver surfaces,
(5) oxide decomposition, and (6) x-ray diffraction
characterization. This organizztion was adooted in
ordar to avoid unnecessary duplication in the descrintion
of the experimental results presented in subsanuent

8
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gauges used to measure the pressure chenrgés during
oxidation is given in Appendix 1.

2.1 7Design of Tubes

In the course of the oxidation studies three
distinet tube designs have been used. The tubes were
for the most part, not designed spscifically for stud{ea
of the oxidation process, but rather for the investigation
of the preparation of different types of photocathedes,
For this reason, it is convenient to describe the tubes
by the followlng names: massive silver cathode, radioactive
tracer cathode, and svaporated silver wedge cathodes.

The massive silver cathode tube corresponds to the
simplest desipgn possible for the preparation of the

‘infrared-sensitive Ag-0-Cs phutocathode. The design of

this tube 4is shown in Fig, 1A, The cathode surface is
formed by mounting a silver sheet approximately 4x5 cm
in a tantalum wire frame which is spot-welded to a nieckel
lead~4in wire. The silver used was 0.010-inch thiek
"fine qualitg“ silver sheet from the Handy and Harmon Ce.
New York, N.Y. This tube design was used for the
investigation of the general characteristic of the glow
discharge oxidation of massive silver, In addition, a
similar tube design was used to investigate the .
relationehip between the tube gross couposition and

the photoelectric and thermionic emission,

The thick evaporated silver cathode tube desi
wag utilised in the radioactive cesium tracer studies
of the gross conposition of the phctosurface. This
tube design is shown in Fig. 1B, The cathode consicsts
of a thick silver film evapcrated on a definite area of
a 3/4-inch diameter microscope cover glass. The cover
glass holder for the silver evaporation is so designed
that a narrow silver tongus extenting tc the edge of the
glass disc 1s formed during the evaporation, This
tongue 1s used to make electrical contact with the
tantelum clips in which the cover glass is mounted,
The arsg covered by silver in the svaporatilon process is
2.84 em”® and is accurately reproducible since the same
template i3 used in each case to define the area. Sinece
it was very important that the oxygen during the oxidation
be deposited quantitatively on the silver cathode
tantalum was used in the construction of the auxiiiary
elements of this tube. This tube design was used to
invastizate the rate of the decomposition of the

oxidized silver at 190°C, & similar tube in which the



A. Massive Silver Cathode
Nonex beaded tungsten

-Silver shegf cothode
Nickel anode ——

B. Thick Evaporated Silver Cathode

«+—Tantalum frome

— Microscope cover
glass

-+— Evaporated
si Iyer cathode
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-1+ Nickel silver

‘director box

FIGURE 1. Tubes Used in Siiver Oxidation Study
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cathode surface was replased by a massive silver disc

was used to investigate the rate of oxidation in the
ow discharge and the dscomposition gf the oxide
formed in the glow discharge) at 190%C and higher

temperatures. ; . N :

The evagorated silver wedge cathode tube design
jlized in the investigation of the surface
formed in the controlled glow discharge oxidation of
thin silver films, This tube design is shown in
Fig. 1€. The silver surface is formed by the i AT
high-vacuum evaporation of a silver film of graded - _
thickmess (wedge) on the front interior surfrce of the
tube envelope., 4As shown in Fig. 1C the silver
evaporator conaists of a silver bead fused to a
tantalum wire and mounted in a nickel box which difines
the shape and extent of the silver film. The film
thiecimess de¢reases as the distance from the bead
inereases, &lectrical contact with the evaporated
silver iz obtainsd by the overlapging of the silver
deposit onto an evaporated gold "U? which makes
electrical contact with a tungsten lesd«in wire
sealed through the pyrex tube wall, The anode is
formed by a tantalum wire block "Q" which is spote
welded to the front leadsin wirs foy the silver
evaporator unit. The drawing of Fig., 1 is schematie
and is not to scale, A scale drawing of the tube is
given in the second report of this series,

2,2 Vacum Systems

'Eiperiﬁéﬁtarrélating”to the oxidation vrocess

" have heen performed using two different vacuum systems.
- 1 was designed for the.graparation of massive silver .

and semitransparent. cathode phototubes, whereas S
vacwum system 1I wae designed for the investigaticn of
the photocathode gross composition using radioactive
cesium, The components and characteristics of the.
two systems are deseribad in this Section,

- - Sehematic drawings of the two vacuum systems are
shown in Pig, 2, In system I a D.P,I. GF25¢ triple-
stage oll.diffusion pump is connacted throufh a large
bore stopeock to a manifold with a total volume of"
1.0 1liter, whereas in system II a two-stage mercury-
diffusion pump is eonnected,; through a triple-e.fact
liquid air trap and a large~bors stopcock, to s manifold
Jith a totak volume of 0,230 liter. The pressures
below 6x10""mm Hg were measured using a D.,P.I. VO1A
ionization gauge. In system I the pressure ranga

11
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‘possible to measure the vressure in the renge from -

‘'micro Pirani gauge circuit fo

daflection per micron. However, hecause of. varibﬁs_m”
~factora ths actual accuracy was i1 mieron, e

£
PRI
.&éo nicrons wags msaaurod with a Cenco thermoeeupia

5aug§ unit, but for system II a calibrated D.P I ...
b 3 gauge wag usged. it

-~ The oxygen pressures (1.0 to O..L mm Hg)
dur 1n the oxidation step were measuréd ‘us minro
ubes degigned by Dr. Sam, Haid tch whil
enplo eﬁa The Ohio State University Researeh Fauniiﬁion.
For System I the micro Pirani gange circuit invelved'y

‘the use of an unbalanced bridge circuit, the aétual ’

prassure change during oxidation being determined. fﬁm:

itha-ehanﬁs in the deflection of a galvanometer:

eonnest across the bridege, With this sauge it was"ﬂ

L

0.5 to 0.8 mn Hg to an accuracy of %i microns. . Im.

-gystem II it was.necessary for the quantitative utudy

of the fomposition of the cathode to obtain a moﬂc
precise determination of the oxzﬁen pPressures .

is system 1hv61VEd nhe
use of a balanced Wheatstone bridee circuit, the actual
pressures change durine oxidation being determined by

the chanrge in resistance required to rebalance the
bridgs. In actual use, this gauge was recalibrated

each time that a set of oxygen pressure measuraments
was performed, For the pressure range 0.6 to:0i9 ma Bg
‘this pauge had sensitivity of 1.7 cm galvanometer ' '

A detailed diacussion of the two micro Pirnni

gauges is presented in Appendix I to this report,

In the preparation of transparent cathode %nbea
on system I the transmission characteristics of the
sviporated silver films were measured using a phdtétube
with an 3.4 surface and a GE-82-6CP light dbuldh
operated at 6 volts, The current from the photdnell

was measured by means of a No.3402 HH Rubico

gelvanometer with a sensitivity of 0.006 uo/mm
and an Aryton shunt.

To outgas the experimental tubes which wers
sealed to the vacuum system a three-inch diameter
quarts tube resistance furnace was usad., The tubes were
outgassed at 400=450%C for at legst two hours or untfl
the pressure waa leéss than 5x107°mm Hg as measured with
the VGIA pauge. In general, , the final pressure after
outpassing was leas than 10%6mm Hg.

For system I the oxygen for the silver oxidation
was obtained by heating KMn0), pellets in a2 side tubs as

13



oxygen from the two different sources.’

shovn in Fig. 2. In system II commercial tank . L
assad through a Drisrite drying columm, was uaad

-OXY. P
This :hoice of oxygen sourse involved a problem of

conveniense in performing the experiments. During the’
preparation of each tube on system II the total volume
of the tem was dotermined'gy a gas expansion mtthpa
in addition to the recalibration of the micro Piramt - :
uge, and it was more convenlieént to use tank oxyge n. .
¥ hag also been established experimentally that . the 2
eamn oxide phases are formed during oxidation with tha

In the course of the radioactive tracer axpartﬁ&ﬁﬁa
an auxiliary vacwum system was construscted for the ' -
oxidation and heat treatment of the thick evaporated
84lver cathodes prior to mounting in a tube envaluﬂa@f~
This system consisted of a manifold connected through -

a largevbore stopcock to a liquid-air trap and a

gingle-stage mercury-diffusion pump. The femalet-end of
a 32emm standard tape Joint with a long gentral cathode
wire sealed into the base was attached to the manifeld
by a2 15-mm bore' side tube. The male end of the joint
was extended with a piece of 32-mm tubing and &
tungsten anode wire mounted close to the wall. .The
lengths of the tungsten wires were so chosen that a
thick evaporated silverfilm cathode could be mounted ..
on the cathode lead-in wire, the male tube portion
placed in position, and the’cathode oxidized in ‘a glow
dischaige The distance from the silver cathode to the
standard taper joint was sufficiently leng so that the
Joint was not appreciably heated during the heat :

‘treatment of the cathode, The exygen for the oxidation

was obtained by heating KMn0j) pelletas An Dctoil-S:
manometer was used to measurs the vressure for the -
oxldation operation, This system was usad only for the
pratreatuent of silver sheet on film before the final -
oxidation 4in vacuum system II, Repsated oxidation and.
thermal decomposition of the oxide made it easy to-
verform the final oxidation uniformly.

2.3 Oxidatien Methods

In the experimental investipgation of the oxigdatiaon
procnss oxide surfaces have been formed by (1) the
"ozonised“ oxygen oxidation of silver wires and

Yorated silver wedges, (2) the "electrodeless"
glow discharge oxidation of silver wires and thin
avaporafed silver films, and {3) the de glow discharge
oxidation of massive ai]ver, evaporated silver films,

. .t..
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and evaporated silver wedges. In the remainder of this
report the oxidation methods are designated by. the
following names: 0., rf, and de pglow discharge oxidations,

‘The equipment and procedures for these different

oxidsations are described in the following paragraphs,

For the 04 oxidation the apvaratus shown in Fig. 3
was used, In this system commercial cylinder oxymemn
was passed through a series of P20g drying tubes, :
through a silent dlscharge ozonirzer, and then either
through & bubbler to add water to the gas or direetly

"to the reaction chamber. The silent discharge type

ogzonlszer was operated with a 15,000-volt meon sien
transformer, e ogone oxidations were performed by

. “the insertion of the sample into the reaction chamber,

flushing the system with oxyeen, and then oxidiszing

the sample for the desired time with the 03-02 mixture
" ‘formed in the ozonizer, OSamples prrepared at elevated

temperature were allowed to ccol to room temperature

in-the 03-0z stream orior to removal from the reaction
chamber. .

: A gketch of the apparatus used for the study of
the rf oxidation of silver wires is shown in Fig., 3B.
In this apparatus the silver wire samnle was mounted
betwesn the ends of a chromsl-alumel thermoeouple . e
in the oxidation chamber, By measuring the
thermocouple enf it was possible to determine a
temperature for the wire sample during the bombardment.
in the glow discharge. 1t was established
sxperimentally that for a given oxygen pressure and

rf power the emf develcped was the same for both silver
and platinum junction wires. The rf source was a
B-0.375.F Signal Corps transmitter. A relative measure
of the rf power output was obtained from the

plate current meter reading, P, which could be varied
from 120 to 220 units. As shown in the figure the
oxyren pressure was determined with an Octoil-S
manometer. The actual volume of the system was
sufficiantly large so that there was no significant
préssure change during oxidation.

The r{ source described sbove was also used in the
rf glow discharge oxidation of thin evaporated silver
Tilms., This oxidation was performed by placing over

the area to be oxlded a tightly fitting cap which was
connectad to the rf source. :

,Thé circuit for ths de glow discharge oxidations
described in this report is shown in Fig, 30, The

15
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hich voltage from the nonregulated dc power supply was
continuously variable from 100 to 1700 volt. For
this particular powsr supply satisfactorv operstion was
obtained using a 5C,000-ohm current limiting resistor:
in the high-voltage current, The oxidations were =~
performed using the silver film as a cathode in the
discharge, and with a wvoltaege drop across the tube of
1400 to 350 volts. - et

2,4 Preparation of
Silver Surfaces

The oxidation process has been studied using three
different types of silver surfaces namely, massive silver,
thick evaporated silver fiims, and evaporated silver films
of sraded thickness (wedzes). The techniques used to
prepara the various surfaces are descrihed below, "Fine
Quality” Handy and Harmon Co. silver which was nearly
spectroscopically pure has been used throughout the
investigations.

The silver. gheetused for the preparation of the
massive ailver cathodes was mounted in the tantalum
frame as described in section 2.1. After the mounting,
the silver cathode was lightlv ctched with 6N HNO,,
ringed thorourhly with distilled water, and then gried
at 150°C, (A similar procedure was used to prepare
the silvar wires for the ozonized rf oxidations.)

After nmounting in the tube envelope and scaling to the
vacuum system, the silver surface was siven a -
preliminary high-voltage glow discharge oxidation in
oxveen at 0,7-0,9mm Hg, Durins this step it was porsible
to determine whether the oxidation would proceed
uniformly over the entire surface. I1If the oxidation was
nonuniform, the surface was oxidized until complete
coverapa was obtained. The oxide surface was
subsequently decomnosed by heatins to LOO=L50°C in a
vacuum (p<ix10">mwmW), This process was repeated until
uniform oxidation of the cathode was obtained, 1In
addition, during this step it was possible to determine
the minimum input voltage to the high-voltage transformer
reaquired to p:rmrit:}.a3 euomplete coverage of the cathode by
the plow discharge /»*, It is to be noted that

if the voltape across the tube is too hiph durine the
oxidation, silver is smuttrered off the cathode, After
the oxidation nroce¢ess had been studied, oxide was 3
decomposed by heat treatment in a vacu at h0OO-L507C
until the pressure was less than 5x10- He,

The clean cathode eould then be re-used,

17
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Silver films evaporated onto a glass substrate
in a DPI vacuum evaporation unit have been used in the
preparation of the thick silver film radioaective Cs
tracer tubes, and in the investigation of the ozone
oxidation of evaporated silver wedges. The details
for the preparation of the two surfaces are described
below. ot '

The glass substrate for thick evaporated sllver
films consisted of a circular microscope coverglass
22 wm in diameter and 0.007 ¥ 0,001 ineh thick. The
disc was cleaned by rubbing with a mixture of :
precipitated chalk and ammonium hydroxide, rinsing
with distilled water, and drying with cheesecloth, -
The disc was then mounted in a stainless steel ho%der
which defined the silver deposition area (2.8 em<),
The holder was then mounted in the DPI evaporator unit
over a tantalum trough containing a plece of maasive
silver. To evaporate the silver the tantalum trough
was electrically heated by passing a high current
through it. The DPI evaporator was then evacuated
to approximately 100 microns and a glcw discharge
passed through the bell jar to further clean the
surfacga bﬁ positive jion bombardment. After evacuation
to 107“’mm Hg, the heating current was turned on and the
dgsired amount of silver was evaporated on the glass
disc.

After the silver evaporation, the disc was
mounted in the tantalum clip support. To avoid
sputtering of silver within the tube envelope and to
determine the oxidation characteristies of the surface,
the cathode was then mounted in the auxiliary vacuun
system described in Section 2.2, The surface was then
repeatedly oxidized and heatetreatad in a vacuum at
LOO=£50°C until uniform oxidation was obtained. After
this treatment the clean cathode was mounted in a tube
envelope and the tube sealed to the vacuum system,
Prior to preparation of the final oxids film the surface
was again slightly oxidizad to verify that oxidation
proceeded uniformly., This oxide film was decomposed
durine the final outgassing of the tudbe, thus leaving
a clean silver cathode for the subsequent oxidation
experiment.

The silver wedges for the ozone oxidation
study (Section L,.31) were prepared by the evaporation
of silver onto a lx3=-inch microscope slide from a
multiple silver bead tantalum wire filament mounted
in the DPI evaporator unit. The glass substrate slides

18
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were cleaned with a hot CGalgonite solution, o
followad by a thoroughwrinsfg% with distilled water,
The slides were individuvally mounted in a glass
coatainer which was loosely covered with a glaesﬂglate
and then dried in a hot-air oven at 150°C, For the
evaporation, the slides were mounted perpendicular to
the multipis silver bead tantalum wirs evaporator' with
one end of the glide at & perpendicular distanes-ef .
one centimeter from 1'.1'13—_ev'aj'::orat-c;\gl;lm During the '
evacuation of the bell jar to 10~ Hg the surfa
were subjected to a glow discharge bombardment.:

A LT

o W

_W4th the evaporation geometry used, it was podéiﬁ£§9ﬁ%‘

prepare silver wedges with greater than 50% trensafssion
at the thin end, and an opaque, essentially massiie: . i
silver surface at the thick and. 5@ similar technid
has been used by Sennet and Scott’ to investigate
the structure and optical properties of evaporaim
silver films. :

B
La

~ The geometry of the silver wedge tubes used o
investigate the de §low-discharga oxidation of silyew -
£ilme (Seetion 4.33) has besn described in connestion -
with Pig, 1C. After the tube had been thoroughly " . i«
outgaseed, a silver film was evaporated on the tubw: ...
wall by heating the silver bezd mounted on the Santéilum
wire with alternating current. The evaporation was -
gontrolled so that the thinner portion of the film - '~
farthest from the silver bead transmitted 50% of in¢ident
white light. The silver-beaded tantalum filaments were
prepared in the DPI evaporation unit by the fusiom :

of small pieces of silver wire onto the tantalum wire;“

2.5 Oxide Decomposition .
Prior to the determination of thg fathode gross -
eomposition using radiocactive ceslum Y2/ 4t was '
necess&ry to investigate the thermel decomposition
characteristics of the silver oxide formed in the glow
discharge. The thermal decomposition studies (Section 3.k)
were performed on vacuum system Il using both massive
gilver dise cathodes and thick evaporated silver films,

The auxiliary equipment and the experimental procedures
are described in this 3ection. o

After mounting the exnerimental tubes on vacuum system
JI, the total volume of the system was measured by a gas
expansion method, and the micro Pirani gauge calibrated
by the method deseribed in Appendix I, After outgassing
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‘being negligible, The oxygen pressure during theé:. -
‘decomposition was measured using the DPI Pirani ‘paue

.fhc tdhe at hOO-L50°C the cathode was oxidis&d-ﬁﬂﬁﬁh‘l

‘desired extent using a de glow discharge. The amaﬁnt ~of
_ogxg:z deposited was determined using the measured
vo

of the systam and the observed ehanze in'ﬁht

goxygsn.proasure

ftér the oxidation the stem was evaouated 10
10”5un ¥Hg, the manifold diffusion pump stopeock: w_,ﬁ,(
and the roocm temperature "leak™ rate established as '

calibrated for the 0-20 micron range with a Mclood
geuge and for the 10-170C micron range by a manometer.

and a gas-expansion method. The actual oxide decompbsition

was performed using a quartz tube resistance furnage for
temperature atove 2500C and a Dow Corning de 530 high-,

tamperatm ¢l bath for temperatures below 2500C

“fhe ebserved pressure was corrected to room “ s
teupaz:ture by the followling approximate equationQ» :

71‘ volume of system minus the volume of the fube
Tga'vblume of immeraed tube e i
,l' room temperature g~ﬁ :fts

s bath temperature gRoa
Pi total pressure at room temperature &
Pre total pressure with the tube heated**

"1+ v, i & No (ﬂ;n

s equatioﬂ assumes an infinite temperature ﬁh ian&-
at the bath surface; however, since the connec iﬁg‘%ﬁbe
volume is small compared to the total volume, the’ :
assumption does not introduee any serious errcr. :

ehcn

'-u
'.a

'2.6'=X~Ray Diffraction

Throughout the investigation of the silver omld&tion
it has been possible to characterize the oxide by medns
of xéray diffraction powder photographs. The equipment

‘and procedures used for the x.ray diffraction work are

Ybriefly discussed in this section.

: Buring the early phases of the oxidation studieél

a series of x-ray transmission photographs of unoxidiwed
snd oxidized silver films were prepared. In thess
skperiments a flat film casette camera with a S-cm :
Bample-£5-film distance was used in conjunction with 4
sopprerstarget x-ray tube and a nickel filter as a source of
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copper K radiation (A= 1.5418A). In these experiments
complete diffraction data for the samples could not be
readily obtained because of exeessive exposurs times
required for small scattering volume of the oxide films,

A second xeray diffraction method has been employed
during the present contract period (Section L.3) which
has made possible the x«ray characterization of very
thin oxide filns. This has been accomplished by “
modifying the sample-preparation techniques. Using a
Bauseh and Lomb 90X tinocular microscope,’ it has been
poasible to scrape loose small oxide samples from
selected areas of oxidiszed cathodes and to load these
samplas into Pyrex caplllaries with bores of the order
of 0,06k mm. X-ray powder photographs of these samples
were nrepared in a 57,3-mm diameter Debye~3cherrer
powder-diffraction camera with a Straumanis type of
film holder and using a nickel-filtered copper radiation.
Two procedures were used in the computation of interplanar
spaeings. In the case of routine photographs of oxids
films no correction wes applied to the measured film
distances for film shrinkage. This corresponds to the
assumption that one miliimeter on the film was equal
two degrees of glancing angle @, It has been observed,
for the camera used, that the camera diameter computed
by the Straumanis method very rarely differed from the
assumed radius by greater than one part in five hundred.
The interplanar svacings for photographs having well-
defined back reflection lines wers computed using 20
values corrected for film shrinkage., ese values are
regortad to at least the third decimal place in the
subsequent sections of the report. In the computation
of the interplanar spacingsd. § extensive use has bsen

made of the tables p§eparnd witger, Axelrod,
Lindberg, and Larsend,

3. OXIDATION OPF SILVER BY MEANS OF
THE DIRECT-CURRENT GLOW DISCHARGE.
THERMAL DECOMPOSITION OF THE OXIDE.

Daring the study of the products of oxidation of
asilver (Section L) a considerable wariety of exidation
roeesses was studisd. Several of thase were also used
gn the preparation of photocathodes. It was finally
decided, howsver, that the dc glow discharge through
oxygen was most satisfactory for our purposes and this
method was used in the preparation of almost all of
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the photocathodes which are described in the second

- report of thie series. It is therefore important to

have a c¢lear understanding of the methods of control

- which have been used, and also some knowledge of the

properties of the oxide which is formed. The
necessary background is sipplied in this seetion.

3.1 General Characterietics
of BC Glow Discharge.

The de glow discharge was selected as the oxidatien
method in photocathuus preparation chiefly because of
convenience in control, Other methods such az rf
discharge have, however, also been used. The oxidation
process is so complicated that there seemed to be:little
chance, within a reasonable period of time, of B
unravaiing completely the mechanism of the intermediate
stages of oxidation. The problem, therefore, was o
find a process (1) which could be controlled ecasily
{2) which could be adapted to a variety of tube designs
and still be operated under conditions which we e
recognizably similar 4n each case, and (3) which brought
about the oxidation quickly and effieiently. The
conditions having been adjusted, the products of ‘

xidation could then be determined by x-ray investigation
?soa B8ection L) so that at least the end result of the
cxidation eould be established even though the mechanism
renained obsoure, The de glow discharge fulfills these
requirements rather well, The fact that glow diacharges
have been previously studled at some length has been of
considerable assistance and it seems well to review
briefly some of the pertinent facts before passing on to

the consideration of specific applications to the present
research.

The mechanism of the glow discharge has been gtgdied
extensively and several good reviews are availablelvh,
The mechanism has, of course, been studied most
extensively for those discharges in which the elegtrodes
are inert, i.e. no chemical reaction with gas occcurs
during the discharge process. In the oxidation ¢f silver
by making a silver sheet or film the cathode in a
diacharge through oxygen there is, however, a reaetion
batwesn oxygen and the cathode, the cathode therefore
undergoes a progressive change as the discharge is
operated and hence the nature of the discharge very
probably undsrooes a change. The known facts concerning
the operation of discharges are expseted %o apply
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accurately, thersefore, only in the initial stages of
operation before any substantial oxidation has occurred.
In order to utilisze as fully as possible the known
information about glow discharges it is therefore
necessary either to adjust conditions with silver
cathodes by studying the discharge characteristics in
the first fraction of a second, or alternatively to
eonduct a preliminary study in which the silver cathode
is replaced by one of ancther metal which is chemicslly
inert but which is otherwise expected to behave
similarly to silver. The secend alternative has been
adopted for the purpose of a preliminary study, '
platinum being chosen for the cathede.

Por definiteness we consider a diacharge tube of
the t{po of Fig, 1B with a platinum dise a= cathode.
The glow discharge through oxygen at algressuro in the
range 0.5 to 1 mm Hg 48 oroduced as followe., The disc
is made the cathode in the di:ehargo by attaching it to
the nagative terminal of a high voltage dec power supply.
A straight wire whose langth is parallel to the cathode
surface is used as anode. The discharge tube is placed
in series with a high resistanse, As the voltage is
gradually raised the tube gurrent remains very small until
the breakdown potential is reached. Once breakdown has
occurred the tube surrent rises rapidly so that the major
veltage .8 across the high resistance and the voltage drop
scross the tube is relatively small, If the.high
roesistence is properly chosen the resulting glow
disch operates immediately after breakdown in the
normal discharge region. In this regicn the voltage drop
across the tube iz independent of tubs surrent because of
the fagt that the cathode is not eompletsly coversd by
the discharge, Jsl4, As the power supply voltage is
inereaned the voltage drop across the tube remains
‘gonstant and the tube current increasses until a point
is reached at which further inerease in current .causes
an increase in tube voltage. This is the point at which
ths cathode begomes completely coversd by the glow. A
convenient test for complete cathods coverage can be
made by determining tube voltage as a funetion of tube
currént, A graph of voltsge vs, current exhibits an
abrupt shanges in slope when complete coverage is
reached, The results of two such determinations using
a platinum cathode are given in Table I, PFProm the -
results of experiment A it is evident that at ‘ube
currents below & millismpere the dischargé is in the
normal region and at tube currents above 1 ma in the
sbnermal region. The "normal™ potential fall is 355
volts. The flat rsgion from 2.5 to 3.0 ma is
interpreted as heing due to the cathode glow spreading
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TABIE I. TUBS VOLTAGE AS A FUNCTION OF '
4 TUBS CURRENT AT TWO PRESSURES %

Exverigent A" Experiment 8 -
Tube = Tube ~-Tybe - Tude =
Current Voltages == -Current Voltage ‘.
(ma)  (¥) : (ma) KWL i e
Q. 355 - 0.3 355

0. 355 0.6 355

0.8 355 - 0.8 360

1.0 355 1.0 365

1.5 365 1.5 375

2.0 375 2.0 385

2.5 380 2.8 400

3.0 - 380 3.0 k15

3.5 345 Ja5 K30

4.0 395 k.0

k.5 400 L.%

5.0 LOS 5.0 L75

6.0 1420 6.0 500

70 L35 7.0 525

8.0 Ly5 80 550
3 38
11.0 1,85 12,0 660
12.0 S0 i
n*brygen pressuref 0.8 mm. 85,000 ohm series vesistance,

Tube fired at 650 wvolts and tubs wvoltage drepped to 38%
(3.1 ma). Power supply voltags then reduced umtil tube
gurrent reached O.L ma. S

¥ Oxygzen prossure® 0.5 mm, 50,000 ohm series resi stan

- Tube fired at 600 velts and tube voltapge dropped to
(3.6 ma). Power supply voltage then reduced untilit
gurrent ‘reached 0,5 ma. .

¢t Cathode ares 3 em2 in both cases.
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over the reverse side of the cathode, The results of
expariment B performed at lower oxygen pressure
indicate a "mormal® potential fall of 355 volts and
complete cathode noverafe above 0.6 ma tube current.
According to the mo-called "similarity principle™ the
cathode fall in gotential is a function of cusri t
density divided by the square of the pressure”,iV, .
Since most of the tube voltage drop is across the U
cathode layer the current density which marks the =
transition between normal and abnormal regions can be
computed from the results of others (see ref. 3, -
gaga 578) and compared with the observations of Table
o« Agreement is fairly good and provides confirmation
of the interpretation of the results of Table I. =~

Having determined the current and voltage which
mark the transition from normal to abnormal glow -
discharfa the queéstion now arises as to the most
faverable conditions for discharge operation in am
oxidation experiment. In order to achieve uniform
oxidation of the cathode it is, of course, essential to
have the cathode covered by the glow, Oxidatione are
therefore carried out by operating in the abnormel
glow digcharge region far enough to insure completa
‘cathode coverage, but not far enough to cause cathode
sputtering, A tube voltage about fifty volts ahove
that for normal operation is satisfactory and has been
used in most of our experiments, In practice the high
resistance in perdes with the discharre is so sele¢ted
and ths power sugplg is so adjusted that immediately on
throwing a switch the breakdown potential is exceeded
and the tube voltaye adjusts to 50 volts above normal,

It 4s useful to have the point of complete coverage
as a reference since this can be determined with any
tube rseometry, snd by operating at a voltage exceeding
the normal by some fixed amount, such as 50 volts,
comparable conditions for oxidation can be obtained in
tubes with different dimensions. The experiments
deseribed above indlicate how discharge conditions are
adjusted with a tube of the typs of Fig. 1B, In the
case of a tube such as that of Fig, 16 for the study of
silver films it is not convenient to substitute platinum
for silver. Hence the discharse conditions were
adjusted by a determination of current versus voltage
using a silver cathode. Transition from normal to
atnormal glow dischar#e could still bhe detected despite
the aceompanving oxidation of silver, and discharpe

conditions were fixed in accordance with these results.
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These determinations are more apgroximate than those
described above for the tube of Fig., 1B, Nevertheless,
it 3= possible by visual observation to confirm that
the cathode is covered by the glow and, sinece the . |
rosults of Secticn 4 show that the oxidation products
are rather insensitive to oxidation method, we believe

_ that the method is adequate. With this explanation =~

out of the way we now proceed to discuss the oxidation
process using again the tube of Fig. 1B but now with

" a silver cathodg;i'

- It might be thought that uniformity of oxidation
on a silver cathode would be favored by tne faet that
the oxide is a poor conductor., If a th$ .k patch of
oxide wore to form, thsn current density through the

“patch would be roducedinbacause of the high resistance,

while current density the remaining areas wsuld
remain hifh, thus tending to retard the oxidation rate
in the thick ares more than in the thin., The oxidation
would then be self-regulating to some desree, Once
oxidation has been initiated it does indeed tend ta
proceed uniformly. The above view implies, however,
that oxidation is caused by the bombapdment of the
cathode with positive ions (perhaps 05),

and this is certainly an oversimplification as is
ghown by the following facts and by othars to be
described later. '

In the first stages of oxidation, uniformity is
greatly influenced by previous treatment of the cathode,
Under coertain circumstances the initial oxidation is
markedly nonuniform, This has been particularly
notiseable with certain evaporated thick silvar
(nr 10,000 A) films, It is found that uniformity is
improved in almost all cases by first oxidising and
then decomposaing the oxide by heating te temperatures
above 2750@? After one or more eyecles of this treatment
there is a marked impnrovement in uniformity. This haa
been used in the oxidation of both silver shest and thiek
svaporated siiver films with good results.
gpher investigators have previously remarked about this

act. e

Inpurities also geem to affect uniformity of
oxidation under certain eircumstances, During the course
of preparing a series of photoeathodes on bases made wap
of silver sheet (“massive cathodes™) 4t was ohserved that
a thin f4lm of white solid formed within the tube while
sealing off the end after introducine the cathode
glement. During the subcequent outgassing at high
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temperature the white solid distils into the vacuum
manifold. The solid is water soluble and it has been
found that rinsing the tube with distilled water just
prior to ‘final mounting on the vacuum system, for

outgassing and photo tube preparation, results in a
‘silver surface which is consistently oxidismed

uniformly by the de glow discharge. In this case a

- slight rity seems to markedly affeect the uniformity
- of oxidation, '

" The initial oxidation of thick evaporated silver
£4lms sometimes starts on small areas, almost points,
in such a way as to strongly suggest a nucleation
process such as is frequently observed in the first

~ formation of a solid phase. Nucleation as an initial

step 1s also compatibie with the observation that
wmiformity of oxidation is affected by impurities.

One 'such case is mentioned above, and such behavior
mey be of frequent occurrencs. fhese extreme examples
of nonmiform oxidation are certainly quite different
from anvthing which might be deduced from the simple
conception of a wuniform positive ion bombardment of

a uniform silver £ilm with a definite fraction of ions
combining with silver to produce the oxide,
Pyeparation of the silver gathode is of decisgive
importance, and unfortunately this is one of the
operstions which is least wall understood in the w%ole

proecgss although, as stated earlier, some effectiv

practical measures can be taken to prepare the cathode

_for uniform oxidation. The observations quoted above,

being qualitative and fragmentary, certainly eamot
be considerad as proof that a nucieation procegs is

¥E the initial stapge of silver oxidation.
The idea is advanced as a tentative nypothesig, however,
not alone on ths basis of these observations but also
bedause of a nass of evidence to be diseussed later in
this report. No conclusive proof of the mechanism is
available, so the hypothesis must be congldared a

tentative one whose chief support comes from the faect

that it coordinates to some degree a considerable body
of information which would otherwise be completely
confusing. The matter is again discussed in Section L.

From the above discussion it is evident that
pre-treataent of the cathods, together with complate
cathode coverags by the glow, tends to favor uniformity
of oxidation., 1Uhen, however, we wish to compare
oxidations carried out in two tubes with different
dimensions and geometrical arrangzements, then how can

i (@
b
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«#e be sure, not only that oxidation occurs uniformly

in =ach case, but that conditions within the discharge
near each cathode are also the same so that the solid
products of oxidation misht be exnected to be the

same? It is obviouslv impossible to bhe certain that
conditions in different tubas are exactly the same.
Nevertheless, some verv scnsible nrecautions can be taken
in advance. In ordsr to indicate clearly the nature of
theze precautions it is necessary to discuss furtngr _
soma well-known characteristics of plow discharges”, In .
glow discharges several dark spaces occur near the cathode,
One of these, the Crookes dark space, is of great :
importance to the discharge mechanism, This dark svace
is followed bv a thin luminous layer (the negative ‘glow)
and then by another dark space (tge Faraday dark space).
Bevond the Faraday drrk svace, in the direction of the
anode, therd comes the positive column from which the
greatest radiation emission occurs. This region makes
up the bulk of the discharpe and sives the discharge

i*ts characteristic visual anp=arance. If, without
chanee in nreasure, the anode is moved away from the
rathode the vositive columm hecomes longer and the
voltapge recuired to maintain the discharge i9 slieghtly
inereasazd hy an amount equal to the IR drop across the
added length of vositiva column. The discharse is
otherwise unchanged. In particular, the thickness of
the dark spaces and_the negative plow are unchaneed.

It is further known3 that the voltage drop asross the
positive columm is much smaller than that across the
Crookes dzrk svmace, In fact, almost the whole potential
dron is aeross the Crool'ss dark space. There is also

the finsl fact that in the immediate neighborhood of the
cathode the chief current carriers are positive lonsil
of which ths bulk »nrobably have a single positive charge,
As much as 95% of the current flow mav he due to
nocitivelr char~ed ions.

“la are now in nosition to inquire into the
auestion of what molecular spacies mv7 he the active
oxidizing aronts, Nautrrl, unaevcitad, oxvpen moleculas
nan be elininated at once since a larse mass of chemical
evidence indicates that oxveen does not readily renct
with metallie silver at room temperature or sven a2t hish
temneratures, The active apents must then be evcited
ovveen molecules, their dissociatinon nrodusts (atoms),
ar positive ions which are continually nccelerated to the
aathode wity considerable kinetic enermizs. Consider
firet the vositive ions. The avernese ':inetic enzrov with
which these strike t-n cathode is determinzsd by the
acceleration between cclilsions and this 1g determined
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by the nroduct of field strength by the mean free path.
Tn nomnaring two Aifferent tubes, the mean free paths
are eaunl if thes prassures: are equal.. In order that the
flnlﬁ strengths in the vicinitv of the cathode be also
,,,,, arly” enual ‘everwith-different tubse designs, two

| condifion muﬁt ba met. Firut “the gathode-anode

distance must econsiderabivr exc@ed ‘the thickness af
the dark snace. Since this thickness is only a

fraction of a millimetcr at 1 mm pressure, this
“eondition is easy to satisfy. The second condition is

that_the potential drop across the Crookes dark space -
should he the same for the two tubes. Since the larpgest
notential drop is that across the Crookes dark space
this +i1) be nearly satisfied if the tube voltawes are
equal. It would be more accurate to make the current
densities equal since from the "Similarity Principle™
the cathods fall in potaniaal ‘'would then tend to be
the same in the two cases Location of the voltage
whirh divides the noral from th2 abnormal region snd
oneratine at 2 fived amount above this voltage
aceomplishes the same end, It follows that methods are
available by which discharge conditions can be so
adjusted that even with rather different tube degisms
pocitive ions are acceleratad to the cathode with
nearly squal kinetic energies., Thus the oxidation
nroducts which result from nogitive ion bombardmpnt
arc expacte! to be the sanme,

Oxidation br electrically neutral but excited
oxyean molecules involves 2 similar situation. If we
supovnse that conditisns are adjusted as above so that
the rathode fall in votential is the same in two tubes,
then the rates of production of excited species near
the cathode should also be the sames since the same
conditiong for excitation nrevail, The chief differences
lie in the Jifferent maﬂnifudeo of the positive columns.
The thickness of the Crook «ns dark snace for an oxwesn
rlow discharge 1i ia hetwa=n 50 and 100 molecular mean
free path lengths If thz nositive column in each
cass i made more tﬂtn ten times the thicknzss of the
Crookes dark s»ace, then excited snecies nroduced in
thz outermost portion of the nositive column could
recach the cathode onlv after underqoing at least 50C
collisions. It seems reasonable that the probabilitw
of deactivation on collision is sufficiently high so
that excited snecirs produced far out 4n the UOJlfiVP
column are deactivated hefore reacting the cathode,
Thus further increase in the ecathode-anode distance
wonld have little effect on cathode oxidation since
this onlv increases the positive column., Other shortw
lived speecies produced in the positive columm wonld
hehave similarlye.
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“ for different experimental purposes, and the above .

It thus appears that cxidizing conditions at .~
the cathode, due to positive ions or to short-lived
neutral species produced 2ither near the cathode or
in the positive column, are not sensitive to chanees
in cathode-anode distance uncer the above conditions,
For the furpOSes of the present investigation it was:

to utilize somewhet different tube desiens

characteristica of the dt“glow discnarge seemed to make .

1t better suited to our purposes than any other oxidation -
method. The tubes used were not. radically different but . . ..
some differences proved to be essential. It was not -
possible to study systematically the effect of every

variable in the glow discharge and so the procedure

outlined above was adopted. This procedure still has

the defect that the portion of oxidation brought

ebout by very long-lived species, produced in the

positive columm, will differ from one tube desien toc

another, Other oxidation methods which have been

considerad do, however, have additional disadvantacns,

i3
Ci]

It is clesr from the above discussion that although
sensible precautions can be taken which insure that
conditions in the vicinity of the cathode (within a
centimeter, say) are very nearly the same with different _
tube cdesigns, nevertheless it cannot be nrgxe% that-the- -~ e o
oxldation products are the same except by analyseis of.
the products. The x-ray investigation of Section 4 is,
therefore, of -particular interest since the oxidation

i . products are directly studied, In subsequent Sections

some of tne atove points are discussed again in connection
with the description of pertinent experimental results,

3,2 Tube Elsment Oxidation

Since, in the photocathode commosition studies using
a radioactive casium tracer, it was necessary to have
oxygen deposited only on tho cathode surface, and not on
supnort wires, ate., a serles of tests were performed on
the deposition of oxveen on several metals which might
serve to support the cathode and other tuhe elements.
Platinum and tantalum were of particular interest.
Bxperiments wore not verformed using nickel since, in
the process of prreparing experimental tubes, 1t had
already beaen observed that nickel wire anodes wera
appreclably oxidiged, '

In a series of experimental tubea a silver dise,
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. a platinum disc, and a tantalun disc were oxidized

in a dc glow discharge under similar conditions,

and the pressure decrease in the system caused by

oxygen deposition determined, In addition an oxidation
was perforwed under similar conditions using a tube -
with short tantalum electrodes to determine whether

an -appreciable amount of oxygen could be deposited on . w7

the glass, The results of these experiments were as
follows: 5 g B 2 O

o R,

i i

g

ase (microns)

It 18 clear that tantalum is less oxidized than either
of the other two metals, &s the result of these
experiments tantalum has been adopted as the metal from
which the anode and cathode supports are formed in
experimental phototubes,

3.3 Oxidation of Massive Silver,
gon Deposition and
Current Efficiency.

It is well known that color changes accompany the
oxidatien of silver sheet in a glow dfscharge. Ag gilver
is oxidised the surface color passes thro the
sequence yellow, red, blue for several cycles, The
surface color is sometimes used in praigiiz as & means
of controlling the extent of oxidationt’: %, We have
found that the number of cycles observed depends on how
uniformly the silver base 4is oxidized. Silver sheets
which have besn regeatedl corroded by glow dlscharge
oxidation frequentlv can be made to pass throueh three
and even four cyecles of color chanzes before the final
black oxide surface is formed. In the absence of
repoated oxidation and thermal decomposition only two
eycles are normally observad,

In view of the faet that surface color chanee is
sometimes used as a means of controlling the extent of
oxidation it has seemed worthwhile to collect data on
the amount of oxygen taken up on oxidation to a given
surface color, e amounts of oxygen corresponding
to the different colors have been determined in two
experiments which are described below. These
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expurfiBnts slso throw some additional lisht on the
machanism of the oxidation process.

‘T¥ is found that the oxidation of silver cathodes
proceads rather rapidly. In order, therefore, to
obtain reliahle pressure measurements, which require
consgiderable time, silver cathodes have been oxidized
by switching the power supply on for a short period
of time, It is then shut off and the pressure
‘renecasured. This process is then repzated, The results
nbtained in a series of such measuremsnts are given in
Table II, The results of a second sat of measurements

erformed several months later are given in Table III,
hese experiments were carried out uein§ vacuum svstem
IT end the tube of Fig, 1B with s cathede in the form
of a dise cut from a silver sheet. The vressure
chances were measured with the micro Pirani gauge and
are determined with considerable accuracy. Althoueh
the actual nressures may be subject to an error of one
unit in the second decimal place, the gessure changes
are orobably reliable to £0,0005 rm. 1is follows
bec~ruse the Pirani is a differential gauge which was
calibrated by repecated expansiun of a lerge gas volume
into a volume made slightly larger by an attached tube
of smell volume. 3Since both volumes can be accurately
measured, very small pressure changes can be determined
with high nrecision, The percentage accuracv with
which a pressure ghange ecan be measured is virtually
egual to th2a percentase accuracy in the initial preasure
value. The variables of Tablea IT and III have th
following m2anings., - :
. Pa oxyren prassure in mm of Hg,
OP = changs in pressure during the interval in
which the discharge 1s on.
‘At = time interval during which the discharge
operated to produce pressurg chanpe AP,
t =total operation time for discharse, i.c.
the sum of previous time increments At.
I stube current (milliamperes) while discharge
Was Oll,

QA Mg =mass of oxvygen, in micrograms, devosited .
on cathode during time interval pt. This
is calculated from the perfeet pas low
using the known pressure decrease AP
tosether with the volume and the temneraturs,

M°:.a mass of oxygen on cathode, i,a2, the sum of
| all previous AMy,,.

Arﬁtamaas of 03 ions foaching cathods in time At
as computed from the tube current and time
incrementAt assuming that at the cathode
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FleE T e all current is carried by posit%ye iﬁﬁﬁf¥ ’
. Mo; ‘sum of previous irrcrements ANO : S

_1001§n3§r_‘-'oxidation efficiency‘_i.e. ‘the ratio of
T 707" oxygen deposited:on cathode to that

-+~ peaching’ electrode by conduction in t&g@
interval Ast. BT : :

"“‘-_ &

thoaa results, In the first place the amount of oxy
per square centimeter at each color is of interesty. . Fo
convenience these have been compiled in Table I'.;i“f
results at comparable colors 1n the two experiments
:grua .only roughly, as mi ght be expected. ‘The trﬁn@#
th increasin xidation.diffbr 4a the two eazscz,.
¥Whether the differences are due to difference in &a:hodu
~preparation or to gas pressure and eurrent density
not definitely known., In subsequent experiments $¥.-
‘hag, however, been observed in oxidations to tha séeind
eliow that the amounts of oxygen may differ. cenni&ﬁfably.
athode color is, therafore, only a very rough mesns ‘for
“eontrol of the e nt of oxidation,. Thia agreea w&ﬁh the
reaults of others: _ ; _

5% It has been rﬁported by Tiapk&na and Dankevzﬁ'ﬁkat

tha ‘exidation of pilver in a glow discharge obeyd the
belic law, i.e. the gquare of H?z 13 & linsar. ﬁﬁ&ationﬁ
¢, The data of Tables II and II1“do pot accuratuly

eb¢r~th£a Law, ~~& graph of Mo, vs, t does, howevar*,give';m
-a curve whose sha -roughly rgsemblos a parabslav o

‘The result 1s at least approximately that which is = - .
‘expected for a diffusion controlled chemical reaction,
The diffusion {reaumably takes place thro the oxide
layer, the moving species probably being silver fon
sineo this is the smallest fon imvolved, Althouvh the
data do not prove that the reaction is diffusion
eontrolled, they are at least in rough agreement with
this idea, Exact ement with the simplest theory
based on a uniform layer can hardly be expected since
it has been shown by metallographic examination that
islands of silver remain behind completely surrsunded -
. by oxide (mee ref. 1). The oxidation of silver wires
.ﬁanparently Yrocoeds by corrosion along grain boundaries
_(#se ref, 1) and hence is irregular. Under these . .
conditions no simple law can be expected to Pit the

data, Despite the lack of an unambiguous proof it seems
very 1ikely that diffusion oscursg,

Sevcral rathnr 1ntorestig§ facts are obtaincdftrca b

~ The oxidation efficiency tends to be above 1005
" in the initial atages of oxidation, If this result is

~
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reliable the tmplication is that tha amount of oxygen
reaching the cathode by. .« electrical conduction is too
small to acecount for the extsnt of oxidation in the
ini¢ial phase of exidation. The error in time

.. measurements is pro ably 0.2 -second and that in pressure

“ change less than 1 At the smallest time 1ntervals “ﬁ |

- this introduces an error into the efficiency e

“measurement ‘of sbout 20%, The efficlency exceeds 100

- by more than this amount aﬂd, moreover, the same.

- tendency is observed in two sets of measurements- aﬁif.
that we are inclined to think that the results are
signifieant although not very accurate., This’ view is
“eonsiderahly reinforeed by the observation that a.

-~ -gilver shedt is oxidired in a glow discharme even when

4t 48 made the anode, In fact, oxidation odeurs even

when .the silver 48 not an electrode (ece ref. 1%).

This certainly demonstrates that some species other

than 03 contributes to the oxidation process, Since
“this is just what is required to secount. far'oxidation ]

. effieiencies greater than 100% the resul?s of Tables '

: ~II and II1 seem quite reasonable. ’ .

. It 48 to be noted that oxidatian efficiency éu
down as the skxtent of oxidation increases, The final .,
- values are, however, considerably different in the s
two eéxperiments as. i evident from Tables II and IIY.
If we compare the amounts of oxidation at equal times,H
howeaver;, we find that they agree at least roughly, .
aven though the tube currents differ cansiderably.
_Wa do not know w%nfhsr this is generally the aase

3 L Thermal Bﬂcompositicn of Oxide

Numerous reports exist in the Iiteraturo with rsg ard
e the~thermal decomposition of silver oxides. In the -
“'majority of the experimente an approximate decomposition
temperature is defined by the low tempersture limit =

for chsérvable decomposition with the oxygen pressure
messuring device used, The oxide film formed during
the glow discharge oxidation of silver is a pelyphase
ide- or a single oxide of, probably, trivalent eilver
see Seetion 4). In addition the oxide particle =ize
is generally small and the surface area vrohably larege.
“Thus it would be incorrect to assums that the decomnosition
characteristica of this oxide are the same as for bhulk A
Moréover, because of the expected effect of particle sise
on desomposition rate thé work of others ecannot be assumed
to anoly under the experimenfal conditions used hereo,
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Consequently a series of experiments on the thermal .
decomposition of oxidimed silver has been performed
- using vaeuum system II.;. 3 ; e S

. .f£4Im Cormed on a4 massive silver disc (tube iy
of Fig.-1B) wam completely decomposed at temperatures’
. greater than 3009C, The decomposition was partormed:
by lowering a prsheated quartg tube furnace over iy
-the évaeudtes tube mounted on the manifold, and =
-measuring the tube temperature and oxygen pressure as
‘a function of time, The oxygen deposited durinr ..
" oxidation was measured with the micro Pirani gause,
fﬂhilé“the,oxygen'iiblvad’durinf decomposition was
. measured with the D.P,I. Pirani gaurae, il "

= Iﬁin.p?eliﬁinary series 6f éxper%ments the;e;idq o

Thres experiments were performed and the results
are given in Pigs. 5, 6; and 7., It must be emphasiszed
that these dsata wers taken while the tube wag heating, .
Henee the pressure was changing during the first twow

thinds of ‘the interval, The graphs of pressure va,
- temperature therefore do not give the squilibrium
—-d4ssociation pressures, but instead give the presgasure
as a function of the temnerature at the instant-of =~
measurement, . From the data it appears that disgsoclation
pressure becomes appreciable at a temperature of 26500 -
under the conditions of these experiments, It will ‘be
shown later, howevar, that substantial decomposition =
eecurs beslow this tsmperature if enough time is allowed,
- The results of the material balancs determinations
oh the tame samples as above are given in Table V. - .
. Colusnig ftour and five giye' the pressure drop on glow
‘discharge oxidation and the pressure increazse on tharmal
decomposition respectively. The latter pressure is '
§ gorreéteg*back to room temperature as explained in-
ection 2. .. 08 ' Sa e s S

It seems at first sight that approximstely 10% of
the oxygen deposited during oxidation was not recovered,
From obhservation of the operational characteristics of
the Pirani gsuge for pressures greator than 2004
(vhich must be measured on the millimeter pressure
rangze pvosition) it is extremely probable, however,
that the major portion of the observed discrepancy
(»10%) arises from errors in the gaure calibration
for the range 20 to 200 mierons. Actually, considerins
the gauge calibraion problem, the discrepancy dees not
' meem serious. This remark applies only to the D,P.I,
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TABLE ¥V, SUMMARY OF RESULTS FOR HMATERIAL

BALANCE EXPERDENTS

h3

E eriment F!.na.l .‘T Pe, °C, Mcrons Hici-ons - &P
,,ugf_ e nme eeMoltisl . Desogited .. Beclved . MieSéns
». Temp. 'Rapid 0, ; -
¢ | Evolution
B 3.3 [ 265 18 101, YO
II 350 270 “do s 6
T MmO 280 22 20




gauge used to measure pressure during heating. The
pressures in column four were determinded using the
micro Pirani and are much more accurate.

_ - Ina second series of experiments the rate of o
‘decomnot 1tion of the oxide was measured at 2509, 200
‘and 190° C using the massive silver disc tube ( ﬁig. lﬁ
with silver disc cut from sheet silver), at 190° G‘using
@ thick evaporated silver film cathode tube (Fig, 1B)
such as was used in the radicactive Cs tracer. g
. experiments, In these experiments the silver dise.j“~
__was first oxidized at room temperatures by means of
a dc¢ rlow discharge. After oxidation the excess oxvqen
was pumred out and the tube containing the oxidiszed.
~gilver disc was suddenlv immersed in a preheated ofl:
bath, The pressure was then followed as a function of
time at constant temperaturs. The results of the :
decomposition ewnerlmants at - 190°C and 200° € are ahown
in Fig. & and at. 250 C in Fig, 9. The rate of -
decomposition at 190° C is qu te small. A papid rise
in the vresgure, as shown in Fig. 8, oecurs during the
initial heating of the tube in the 01l bath. This
inditial rise is probably associated with the deserption
.of a froetional monolaver of oxygen on the tube walls,’
It appears hichly probable, from the data presented -
later on the development of photoemission and thermionie
‘emission during cesium addition, that the loss of oxysgen
- from the surface hy silver oxide decomposition must be
verv small during the cesium addition to massive gilver
cathodes, In the case of oxidized thin silver films no
-experiments have been performed. i

T

ST L TS b P e gt

3,5 Oxidation of Thin Films.

Accorﬂinv to one method for the prenaration of .
semitransoarent photocathodes a silver £ilm is evaporated
on glass until the white light transmission is reduced .
to 50%, The film is then oxidized until the transmission
‘inereases to 90%, The remainine fabricaticon steps are
then carried ont. Since it was of interest to studv
puotocathodes fabricated 1n this way, lisht transmission
has been used as the means of contrbiling both the silver
film Pvaporation and the subsequent oxidation,

A+ the bepinﬂinc of the project it was assumed that
inereased oxidation of a silver film was accompanied by
. _-4ncrrased light transmiasion., With the oxidation methods
then in use, however, oxidized films exhibited less than
90% transmission. More extensive oxidation did not increase

Ll



‘FIGURE 8
AgxOy Decomposition
A. Massive Ag - 25u0, — 200°C.
B. Massive Ag — {72u0z - 190°C.
- G. Evop. thick Ag film-66u~190°C.
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FIGURE 9
AgxOy Decomposition

Massive Ag - 2010, ~250°C.
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the transmission. The first clue to an understanding of
this observation came during the ¢sone oxidation of
silver films of graded'thickness”?aee Section h), Certain
sactions of these films were oxidized to 90% transmission
and, moreover, it was found on x-ray examination that. the

- £ilmas contained silver so that the oxidation was c¢certainly

not complete., On the other hand, films which had been
heavily oxidigzed in an rf discharge contained no silver

and had transmigsions considerably less than 905, Thus
_complete oxidation produced a film of low transmiseion.

This suggested at once that & maximum in transmission is
to be expected as oxidation proceeds. This was confirmed
?g-means of investigations using a silver wedge type tube

ig. 1C) and a dc glow discharge. The results obtained
in a typical run are shown in Fig, L. A maximum 29
transmission is obtained., This experiment is deseribed
in mors detail in Section L4.33 where the results of an -
x-ray diffraction investigation are also given. The
conditions used in the preparation are given in Tabhle

tube 19-27-15-3, A maximum in transmission is

obtained in the oxidation of silver films whether
evaporated slowly (300 sec) or rapidly (15 rec).
Transmisaions were measured with white light and with an
S~ surface as detector. By means of a2n x-ray studyv
{see Section L) it has been demonstrated that thin films :
oxidized by the dc glow discharge contain unoxidized silver, .
The thermal decomposition of oxidized thin silver films has
not heen studied., . -

In the next section 1t is pointed out that the .
presence of an unoxidized residue of silver in a thin film
indicates that isclated silver grains, not in contact with
‘others, were contained in the originai film. In thicker
£ilms where grain contact is established the maximm in

‘transmission may not form, although we have not tested

this by experiment.

- 3.6 Silver Pilm Orientation.

In considering the production of the photocathode
it is of interest to know whether crystal orientation of . -
an evaporated silver laysr has any affect on crystal
orientation in the oxide surface formed, Conseouently
an x-ray diffraction investigation of the cxide surface
formed .on oriented and nonorlented silver films was
undertaken, This study was performed under a previous
contract and the igsults have already been described in
a vrevious report*-, A brief summary is given here,

L6
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however’, for the ‘sake of comvletensss,

7 Unoriented and oriented silver films were prépared.
by the evaporation of iglver on glass and rocksalt - .
hinbetrgga?respectively . , it
- oxidized in a glow discharge in oxyeen at 0.3 « 0.75 -
mn Hg, ‘and the resultant films ware examined by the ' .
" x~pvay diffraction method previously described, The = .
~§¢ray'ﬁhﬂtagraphs cle2arly demonstrated that the oxide’
£1ilm in

The films were partially !

’gﬁbch cases did not have any vraferrad oriéhgatléh.

' In the preparation of the Ag-0-Cs photocathode the

 base silver may be of several types, nazmely: silver -

sheet, evagdrated or snuttered silver films, anrd silver:
f£ilms obtained by chemiecal methods. Fhotocathodes
produced by these variocus methods of suhstrate formation
are ssid to possess essentially the same photosensitive
charactexristics. Thus, since the silver oxide surface
formed npnsists of randomly oriented oxide grains, the
conclusion suggested is that the structure of the oxide

£i1m with which the cesium reactes should be indenendent

of the strueturc of the silver base. It is, howaver,
shown later (Section 4.5) that, contrarv to the ahove,

the -gtructural characteristics of the surstrate may

exert a orofound effect uoon the formation and photoelectrie
properties of the surface. The above x-ray results show,
however, that t»is influence is not due to preferred ¢rystal
orientation, .

i, NATURE OF OXIDATION PRODUCTS

In the preceding section the method of ocxidizing
silver by means of the de glow discharge has been discussed.
The oxidation efficiency, thermal decomposition, and other
pertinent facts have been described. Those results tell us
very little, however, about the nature of the oxidation
products, in order to obtain this information the x=ray
study which is deseribed in the present section was '

ymdertaken. The principal objective of the study wes to

obtein Xeray powder diffraction patterns for oxidation-
products prepared in various ways and to compare the
observed patterns with those for the known oxides of silver
for the purposs of identifying the solid phases present,
cont"ait~and the results have been deseribed in asnother
report*, During the present contract, reasons have arisen
for further study of the oxidation of thin silver films.
The results of the investigation perfarmed under this

The. oxidation of massive silver was studiad under a previous .

L8
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_given 1n Section h.l. ] ; e

_eontract are given in Section A.3. For the sake s

cotipletenass a reIiew of the work performed under the
previcus contract® 4s given in 8ection k.2, For =

‘comparison purposes the powder diffraction patternqi”

Lfor ailver and for the known oxides of silver are.

h.l ander Diffraction Patterns o
FERNRE (- Silver and Silver Oxides

In a previous report} the interplanar s qqinga‘_jh
and intensities (I) have been given for Ag,.ig Gv a7
Ag0 respectively. For convenience of co aris
data are reproduced here in Tables VI, “and ¥I

It is worthwhile to note that the formula for the‘last
of thoiu substances was written as Ag,02 in the. aarlier
report™ and the substance was there rgferred to as. .
gilver peroxide. During the present contract period it
was recognized that the substance is probably not a:
peroxidi This view is strongly indicated by the- work
of Yost ? and was further confirmed by a faw chemical
experiments on a sample of the same material as that = '
used to obtain the x-ray powder pattern of Teble VIII
This material dissolved in sulfuric acid to forma
brown solution, and this solution was a sufficiently
strong oxiditin%hagent to oxidize manganous salts to:
permanganate, is behavior is not characteristic

of a peroxide, but it agrees very well with the behavior
reported for soluticns containing divalent silver., It
geams highly likely, therefore, that the solid centains

divelent silver and hence the symbol Ag0 more

appropriately describes its chemical behavior.“»_
It is o wellsestablished factl8,19,20,21,22

that monovalent silver lon can be converted to trivalent

silver ion in solutions which are treated with
sufficiently powerful oxidizing agents. The oxide to

be axpected with trivalent silver is Agzo . A reliable
xeray powder diffraction pattern for is, however,
not available because of difficulties encguntered {vy
other investigators) in the preparation of pure Ag»0
The methods used for the preparation {anodic oxidasitn
of silver using agqueous solutions of electrolytes
containing various silver salts such as nitrates,
chlorates and sulfates) always led to a prcduct
containing significant amounts of impurity (nitrate,

L9
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chlorate or sulfate), A structural investigation of
~ the products obtained by anodie gfidation of silwer.
has been carrisd out by Braokknn Braskken i
~ reported that the product Ag,0 N praparnd by the:
cle&%rolys&s of silver nitre o> 'gave the best single
érystals., The erystals, for the most part, have an
-ottahedral form which is not very well developed,, .
From xeray diffraction studies of the powder and -
single crystals it was shown that the crystals have
a common structure. The photographs. could be .. .
readily indexed by Braekken on the basis of a facey
centered cubié unit cell with a variable latbiee v--f
constant (dependins on the amount of Ampurity),”
~ and which containcJ 16 molecules of Ag 03. e o
' £b1;owing lattice constants were found, S g

($) i X . ‘O y i '..pl
Aszoagﬂ 9.8Z2 ¥0,03 kx . '
- »Ag203 N cammgpns 9 870% 0,003 kx
Agz03 (F) | 9.911 £0,001 kx
AszO gcl) e .916 £ 0,005 kx
| Ag o% s) 896 £0.003 kx '
Thus actudl lattice constant of the oxide depended .

upon the conditions used in the preparation of the
"gsample. The letters in parenthesis indicate the -
anion of the electrolyte used in the preparation
(N for nitrate, etc.).

_ Braekken found that the diffraction pattern
could also be indexed on the basis of a pseudoecell
with a lattice constant one-half the true value if
only: the weak reflecticns wers. neglected. The smaller
¢e8ll was shown to be approximately faceecantered and
- contained 4 silver stoms. The arrangement of silver
atoms in the pseudo-cell 4= almoaﬁ identical to that
‘_observed in Agy0. e e

i , Sinca oxygen positions eould not be derived
‘on the bhasis of the possible cubie spece groups,
Braskken suggested that the entire structure is only
pseude e¢ubie, but a pood approximation to cubic., It
was, howevsr established that the lattices of the
two oxidss, Ag 0 and Ag,0q, are similar, In sddition,
since the method of pre Ba;ation of the oxide resulted
only in lattice constant variations, Braekken concluded
“that only one silver oxide was present in the producte
from anodic oxidation namely Agaoa.v_ M s

e TheAinterplanar spaciugs for the silver oxide,

._~;53l“__ o



- previous work

quo,(u) reported by Braskken are prasented in Table IX,
Jt“id clear from the above discussion that the semple of
Table IX ia not pure and hence no accurate nfreement

- can be expected between this powder diffraction patterh
~and those obtained on pure Ag0q. Since, however
~. the impurities are apparently present in solid soiution,

it seems possible that the vowder patterns of purs = .
A% f3 and of Table IX -differ chiefly because of a - - -
% erence. in lattice constant caused by impurities

_'1n solid solution.

L2 Massive Silver Oxidatlon

Durinr the course of ths present contract no
x-ray study of the products resulting from the oxidation
of massive silver was made ‘because, as a part of the -
same vroject but under a previous contract,. a rather
comnlete studvy had already been carried out. For the
sake of completeness in the present revort an account
of this work is beinn included. Almost ali “he
present Sectign (L.2) is based on a report oP thiﬂ

the only exception teing subsection
he23, While this involves some repetition in the
discussion of work which has already been reported,
it has the advantage of providing a rather comolete
account of the present status of the oxidation process,

L.2) Preliminary experimentg T o

Prior to a rather detailed study of the rf
oxidation of silver wiresg, preliminary experiments
were performed in which the ovide formed on silver
wires by ozone and rf oxidation was characterized by
y-ray diffraction powder photoeraphs,

- During the ozone oxidation cf silver wires it
appeared that the oxide film catalyzed the further
formation of the oxide. Initially the process of
oxidation does not seem to occur (at least visibly).
Once a spot becomes oxidisged, the oxide grows out from
this point in a ring around the wire and proceeds
rapidly along the length of the wire., At timee the
growth of the oxide f{lm would suddenly stop as if the
surface wers "poisoned® and the layer of oxide would
then start erowing at another place on the wire,
Similar phenomena were observed in the rf oxidation

54



P ©©© TABIZ IX, INTERPLAMAR S°ACINGS FUR Ag 03(N)
ﬁ“ iy : ' =har (Lattice Type: pseudo Cubie

¥

(="
=
= |
1
£

e J

N
*
P
~3
Wmo
\n
RS
:

w
ngw
NN
[ I I
O NW
N
010 N
Ow &w
- =0V
-
e
o
oyt
el
L ON
Rt

oy . L 28t "825
800 1.235 . ST 7i7,% 816

J106 o 32l2)2 Lgoo
088 11,5,3) 795
975 :

O S 124,86 782

58



of wires. f__ﬁ - i : e

Fron the comparison of -the x-rey diffraction
photographs for the ozone and rf oxidized wires it was

evident that the structures’ of the two oxide films

were similar, and thzt oxide phases other than Agsy0
were. present._ From the interplanar spacing data

- which dppeared to he definitely associated with
_Ag§0 a series of Ago0 lattice constants for the

ferent samples were derived. The observed. Aqgo

'lattice conctant varied from L,72k to 4.732 A.
‘compared to Faivre's values of 4.695 A. for pure

Ag20 and, . 73% A. for Ag,0 saturated with silver
at 2000¢3%, “This rpcult sugezests that there isa
appreciable solid solution of silver in the silver

i oxide formed in the oxidation of wires.

Duriug aftempts at 1dent1fication of the - -
observed interplanar spacings, it was found that a -

‘group of the lines distinct from Ag and Ag20 could

be indexed on the basis of a face~centered cubic

unit cell with a®h.55 A, This ﬁroup of lines was —
given the designation ¥ phase. wever, considerine
the number of lines not assignable, it seems certain

_that this cell choice is only an approximation. In .
fact it will be shown in Sectior L,3 that the phaae

is a mixture of at least two solid phases.

4.22 Rf oxidation of silver wi wireg,

S In the previous technical report the detailed
procaedure and results of a systematic investi ition of. .
the rf oxidation of silver wire were presentes :
these experiments silver wires were oxidiszed in an
ri glow discharge using the equipment deseribed in
Seetion 2,3 (Fig., 3B). The experimental results and
conclusions are brieflv sumrarized below. g

During the glow discharge oxidation of the silver

wires the sample was mounted between the ends of a
chromsl-alumel thermoc¢ouple so that an approximate =
determination of the temperature of the wire in the

. glow discharge was possible. It was observed that

temporature equilibrium during the glwo discharge
bombardment was quickly obtained.._A total of 24

_ oxidized wire samples were prepared using thres— .

minute oxidations at four oxygen pressures (0.2, O.k,
0.6, and 1.0 mu Hg) and three different relative .
rf power inputs (220 160 and 120), The temperature



'?db89rved during the oxidation ranged from 130° to
285°C., The equilibrium temperature was dependent ubon
the oxyven press'ira av4 tqe rf powsr input.

: X-rav powdor 6iffrﬂction nhotorr phs were . nrenared

using ore sat of the samples, while metallogravhic
~exaninations were made of the second set, ging the
diffraction linss wh1c1 apreared to he aezinit¢ly s
' 3"=or1uted with 4g»0, "a serias f Agy0 lattice coanants
wera derived using. the cot @ cos~Q extrapola tion mathod,
The average ao for the Agy0 was 1,.736;0 005 A,y dn . -
c0od asreement with the value L.736 A Btainﬂd by
?aivre for Ag,0 saturated with. Ag at 20 o

‘In the X=Tay diffraction photooranhs a geripo of
lines 'were. obsarved waich could not be associated with
either Ag,0 or Ag. One group of the extra lines could .
he indeteg as beloncing to the Wphase discussed in the
nrevious sectlon, A complete list of the interplarar
_svacines for sample 12 is given in Table X. A comparison
nf the intensities of the @ lines to those of As and
Apn0 within the sets of nhotographs indicated thare was
no markad internsity variation of the ¢ lines relative -
to the silver linss, The line intensity ratio :
for 9{220)  to Aga0 (220), however, varied from 0,05
to 0,90, indicatins a larp: variation in relative
abundance of Ago0 compared to the actual phase or
- phases nroducing the W(220) line. The variation of the

intensity ratie could not. be correlatad with .the sample
.orenaration data. : . . ]

: In order to- obtain moyre extensive X=-ray data on
“the. rf oxide an xeray photograprh was prepared of the
ovide laver which could be readily brushed off a small
coil of silver wire after the oxidation in an rf y
'discharge. The data from the photograpn are presonted
“in Table X, In the photograph L1 lines were observed
which could not possibly be assigned to Ags0 or Ag,
Of this group of L1 lines only 10 lines could be
associated with a cubic P phase. Considering thes number
of extra lines it is very probable that the § phase
indexing of a rtion of the stronger "foreign" lines
is not particularly significant. t was also
established that the extra diffraction lines could not
- be asgociated witn the presence of &go

In a related ewpe"iment a sample of pure silver

"?;ogidp (AggO) was oxidized by oxygen in an rf diqchqrq

Thﬁ X«Tay diffraction pattern of this material so Pnrm#d

5



TABLE X. INTERPLANAR SPACINGS FOR RPF
OXIDIZED WIRE NU. 12 AND RF
OXIDE COATING FROM SILVER WIRE,

_ ii;,”""‘ e e AT R SRR A
— Assignment = . Jample r} - -Assignment -
-N§Tp1§ 'Oxide S ;Snm e L NoTplz Ox4ide :
oo Oeet T ' b an - O ORG
3.38 3,39 1,130 1.139  @(400)
3.19 3.19 i R XRW
3:93 38 ' 10795 1098 A 6(331)
2.698 2,73 Ag0(111) il G -
2,596 2,62  $(111) " - 1.052
T 2,50 | 1.035  1.0L5 ;3312
g 6% 1 ' 1.019 1,032 100
2.341 2.35 A {111}Ag20(2oo) 1.010 1.015 uzo
2,243 2.27 5 200 0.989
2,15 v 1% - LW
2,029 2,0k  Ag(200) | 0.968
‘1,86 0.9L1
1.7k 0.936  0.937 Ag(331)
iyl 105 v 0,987 0088 s T
1,660 1.658 A o(zzo) . 0.923 _.\0{.&22
“LoB59L T X.615 5?220 0,912 0.912  Ag(L20
L 1.526 . © 0.882 :
171 1679 0.869 ' Q(333)_ .
1.3 '1:La7pv- Ag(220) St 0.855
1.41 1.421 Ag20(311) 2.839  0.839 “Ag(uzz)
1.358 1.365 0(222) 0,811
1.372  1.303 5?222) 0.805
1.279 0.800  0.800  ¥(A10)
1.264 ; - 0.768  0.785 = Ag(333)
1.22¢8 - i.gg% Ag(311)- | 0,783
1,176 1.182  Ag(222),Ag,0(400)

ﬁo{.‘;éz" No "absorp’cion correction has been applied to the data,
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was identical to that for the rf oxide coat deseribed
above, - The product contained phase or phases, silver,
and silver oxide (AgoO). L

The metallographic examination of the set of

“f* oxidized wires indicated no major differences in
‘the structure. of the oxide film present on the different

samples, - The examinration did indicate the presence of
one phase adjacent to the- wire and a second phase on the
surface, the two being separated by a btoundary, The
oxide film was also found to contain numerous islands

of massive silver of varying size. The_appearance of
the metallographs at the massive silver-oxide surface
boundary suggests that the oxidation proceeds by an
intergranular corrosion process. :

To obtain further information on the characteristics

of the two-phase oxide system, electron diffraction - .
photoerarhs were prepared of silver wires oxidized to

the second order yellow-red color. The thickness of this

oxide coat was comparable to that used in the preparation

of massive cathode photosurfaces. The electron diffraction

interplanar spacings as well as corresponding xe-rav
diffraction data are presented in Table XI., The \Pphase

‘1ines constitute only a few of the total of all Yphase
lines. It is also of interest that a \ phase line anpears
_in some experiments at d/n=2.66. It has besn omitted

from the table because it i3 not consistently observed.
Since the electron beam, in the electron diffraction ex-

-perimentsi does rnot penetrate very deeply into the sample“
c

it 1s anticipated that only the surface phase will be

~detected., It seems clear from Table XI that the electron
diffraction lines can best be interpreted as arising from .
the ¥ phase, It is to be further noted that x-ray =

diffraction photoerraphs of the electron diffraction wire
samples were similar to those obtained previously and
indicated the presence of Ags0 in the film. This is
consistent with the electron diffraction data since
X-rays penetrate the entire sample, These results
sugeest that Ag20 is the phase in contact with the silver
vwire, while the surface consists of a higher valence
state silver oxide. The fact that the Agl pattern could
not be relatad to the electron diffraction pattern
sugrests that the higher oxide 1is actually Ag203,

- Tiapkina and Dankov?23 have rapoited that the zlow-
discharpe oxide is Ag,0, on the basis of electron- :
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TABLE XI. INTERPLANAR SPACING DATA

.Electron Diffraction . .

RF Oxidized Wire X‘lay Diffraction Data (d/n)
d/n g Agzo AgO
3,03 (10) - '--3.03_ : S B

2.32 (10 2,27 2.36 2.36 2.38
1.99 (5 1.97 2.04 )P
1.42 §8) leh2 144 1.42 1,42
1.23 8) 1.26+1.23 1.23  1.20 ..
0.995% (%) 1,009 1,02 0.963 0.997 -
-0.925. (L) 0.929 0.928
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diffraction photorcraphs of a silver film on a
celluleid substrate which was ovidized in a «low
discharre, Tha ~lactron-diffraction photographs-
obtained by them exhitited a hirh bac'zground due
to diffuse geatterineg . and tho lin»s woerc rather
waak, This 18 not in agrecment with our results ¢ -
he*ther on silver wire or on. thin films (see A
 Section L.33). It i3 possiblz that thav actrally.
»decomnosnd thp higher oxidents quo vy élactron: -
“howbardment, or more nrohably the“Agz,0 was formed
Tav fhe_rnaction of the hishzp oxide Hrn the
sunnor*inﬂ film, e _ SIS

h 3 Products of Thin & T
: Film Oxidation._ R

g1 OpdE. erldsticn
: of silver wedses,

The- study of oxidation of thin silver films
was undertaken because of difficulties encounterad in
the study of semitransparent nhotocathodes. A
primarv objective of the studv was the identification
of the solid phases present in the oxidigzed film, In
sneh a study it is important to perform the oxidation
in a variety of ways so that the proportion of solid
phages is altered. Otherwise it may not be possible
to discover how many phases are present, especially
-under such conditions that smolid phases are encolinteréd
which have not been previously studied. For this
reason ozone oxidation was studied along with both
rf and de glow discharge oxidations., Moreover, a
wide variety of conditions for ozone oxidation were
investirated., Among the variables are the following:

1. The rate of evaporation of silver.

2. The thickness of the silver film.

3, The temperature of ovidstion,
Barlier experiments (Section L.2) had already
eatablished that the products of oxidation of massive
silver by ozone and rf discharge were the same, so
the results were expected to be pertinent also to the
glow discharge process., The investigatisn of czone
oxidzstion was particularly extensive "because the
tochnigue for x-ray investigation of thin films was
developed at this point, In the following subscctiﬂns
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the results of the 1nvestigétionbafc briefly reviewed.
Detailed data for the various phases of the - . .
investigation are given in Progress Report No. 32k,

-

IR T 0% % The silver wedpes
were prepared on =ine .croscope slides as - -
o describved in Sec. 2,22, - The percentage light -
: ‘transmission as a function of wavelength for each
© . silver film so produced was measured using the
$ie e Beckman DU spectro-photomster and a 1P25 phototube,
s Tha silver fllm slides were placed_in the pyrex
tube furnacae and oxidized in ogone under the
fo gk different comditions shown in Table XII, After
e : oxidation; the transmission curves were détermined
: “and the 3iiﬁes examined microscopically at 15, 45,
90, and LLOX, ‘Xe-ray powder photographs were then -
prepared for oxide samples removed from selected
gortions of the slides as indicated in Table XIT,
n deseribing the slides the O (zero) position
-—corresponds to the thickest portion of the silver
- f£ilm. - The »ercent ¢ransmission values at 700 m
versus position-on-the film (which is a measure’ of _
£11m thickness) are given in Fips. 10, 11, and 12,
The x~ray.diffraction data {(d/n and I’ for the thicksr
portions of the wedgas are given in Table XIII, for
the intermediate regions in Table XIV, and for the
thimmer regions in Table XV,

™
o

The first and most obvious observation is that
the films eontain erystals of sufficient size to
produce an x-ray diffraction line spectrum, and this.
is true even in the region for which the 1ight
trgnsmiasion of the sifver f1lm before oxidation is
50%? It is therefore sensibie to apply the results
of vhase equilibrium studies on macrosconic systems
to the oxiéized f1lm vherever such application is
useful.. In anticipation of the results of Sections
L,32 and L4.33 it may also be stated that similar
results are obtained on oxidation by rf and de glow
discharge,

0 ha312 Prelimenarv summary of seneral results,
In discussing the results it 18 useful to contrast the
aprearance of ozone oxidiged filmes with films oxidized
in a de rlow discharge (see Section L.33) and also to
bear in mind a few peneral observations. In the first
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TABLE IZFI.

O70NE ox;nsrxon OF SILVER WEDGES

Silyer Code Ag Oxidation ”_;03
: sr11§ No., Evap. . T
aa R e 3
' amp | (liin ) ggp {Howrs) o e
A _1 3 2 8 oA -.11 2 ..‘1760 77‘9{ 0'0.9 IIIII
o -~_lze} 5 uo S D?y et S 1
; s ' .11. gy -1‘5-2 0 =
N s _-12 260"3 5 i
B 1761187 25 28 10 1760-82+1 .  Owl
7%III ‘ dg ' Dry. a2 ’-:-_.._,:-.2,0_3 0
' . T 3 u~,315-a.5_’
c*  1761.183 15 100 7 1760-7641. . G :
| 761183 15 Dry p R« S
_ a3 2.5-3.5
" o b b
D 1761-183 15 100 10 Dry 1760-76=5 . Os1
\ -6 ._];@;2...
o :g 3 3»5"‘11' 5
B 176;;187 25 140 1 Wet 1760-33-3- :'eug |
9 3i5-h.5
P 1761-187 25 1K0 & Dry 1760-93-6 Wpa'
o . XIIX -7 b
¢ 1761-187 25 160 3.5 Wet 1760-84~10 0al
. 1"60-93»1 S 243
B 1761-187 25 170 5.5 Dry 1760-83-4 041
o -5 2.3
<6 hs5
I 1761-187 . 25 200 2.5 Dry  1760-93~3 1.5-200
7L -XIT ko B4 Behe
"5 ) 6&0"7.0
NS 1927~1n~1 0.5 28 1 Dry " iy

“Prior to oxidation, film prehoated to 150°C, then cooled '
to 100°C for oxidation,
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FIGURE 10. Ozone Oxidation Per Cent Transmission at 700 mu
2 , Versus Film Thickness, Films A, B, and C.
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crystaliitaa arc tos smell to be observable with an
optical mieroscope even at LLOX, On the other hand
rather coarse erystallites are produced in osone
‘oxidation which awve easily seen at WOK and- in soma
cases evan at 90X ¢ In ‘the second place, ;2j.

| Fon 455 . ha
thicimess. a|111|zrﬁiﬁr355ttrlh{ .:., “: %z
nmaried aiame - bpriih 2 G LY 9L V9
; qjﬂiﬁlxxﬁ,u- lon, Film thickness is, thero ore,

not a simple variasble, Instead, very complex changes
in particlie size and particle size distribution take
place within the same film in passing from a region
. of ‘one thiekness to & region with another thickness.

. These ghanges may even be periodic and thus give the

- appoargnce of interference fringes on superficial
examination. PFilm A, for examnle had such an
appearance while £1lm B did not. It i3 possible that
such changes nay also ocecur in films oxidigzed by de
.glow discharge, but sinces the erystallites produced -
are too small to be saeen in mlrrosconic exanination

~ this point has not been estahlished. In the third

- -place, despite the differetices im crystallite aise,

4 3 fend %o 2%‘1&.}.‘_8..?.._..
' mg.a%m_m ation
is is aprarently demonstra*ed by

x-ray examination of the ozone oxidized films of equal.
" thickmess. The same x-ray lines tend to aprear on

~ sach film, thus indd4catines-the presence of the same'

- golid phases, The exceptional cases are pointed out
“4n the subssquent discussion. The above statement
‘does not apply to the comparison of the thin and thick“
w<sections of the films. Instead, gngg_gg he ﬁg;;g )
%{ jo- . This" Doint is discu&sed at '
nqth in the fo lowing text,

' In order to illustrate how much two films can
differ in apnearance and in optical properties without
much change in x~ray diffraction pattern it is
worthwhila to consider films A and B in more detvail.
The preparation procedures for these two films differ
chiefly -in-the rate of silver evaporation (sea Table -

- X11)%  Tilm B was -deposited at -ten times the rate used

; fbr A._ Before oxidatlon no particle structure ¢ould be

%
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S . .. resolved in microscopic examination at- ALOX and

éi%- : the trangmission curves for the two films are very
“similar (see Figs, 10A and 10B), After oxidation, .
however, the two films were very different in

T -~ the transmission curves {Pigs. 10A and 10
g _ figares do not, however, adequately convey the . ..
BSa N, zaerved,a pearances. The films were speetaculur‘y
AF _’,wf-=;f fferent anpnarance.; Film A was striated,
the striationa following lines of equal thickness
'~in the manner expected for interference fringss,
S P4lm B had no such striations. The striations in
e T S f4lm A oere undouhtedly connected with variations in
P .. particle sise (sae Appendix II), Deaspite the
. . . markedly different appearance of the two films
R there is very little difference in their x-ray
powder diffraction patterns (see Tables XIII, XIV, .
and X¥), Where differences in x-ray powder pattorns
occur the lines are weak enough so that slight s il
differences in line breadth might well account for
the presence or absence of the lines. On the wﬁola,
 the solid phaaea present seem to be tha same in the
- EWO- €868 - This very stron l{msu rests that the R
- difference betwesn the two 8 largely T A
attributable to particle size and size distributiun. ;

“}’?,?: b

The abovo obaervations indicate that the optical
- . properties of ‘a film depend markedly on the method of
' greparation and hence will be difficult to reproduce,
n the other hand, the xeray diffraction data sre much
less gensitive to variations in the method of
graparation altho some dependence on film thickness
found, as is pointed out in the next section.

Er : Microscopic examinations of the oxidised films
e hare been mede. A detalled description of each is given
S : in Appendix II. For the purposes of the present saction
et st 4t-ds sufficient to say that large particles tend im -

: -‘“genaral to be formed at the thick end of a film.. A

i grunular oxide is formed in the thick section conaisting

“of black grains roughly sperical in shape and

geparated by volds comparable in sige to the particle

diameter, Otherwise the particle structure {(as revealed

by microscopic examination) varies aonsiderably from

one film to another (see Appendix II). Some further

information on particle size is obtained from X-ray _
= lina brnadths as discuseed in the,next aection. e

appsarange, - This is indicated to some d‘ﬁfee fh  et eyt
ese

S




Gonsequen

x-ray diffraction data for the thick seetions of the . .
wadges are given in Tabie XIIX, for the intermedsate .
sections in Tacvle XIV, and for the thin seations in .
Table XV, In considering the data it 4s important

‘to note that lines assigned an intensity of 2 weys

ery weak, while those assigned 1 were jJust perceptible.
f1y, for these lines there may be an aporeciable
orror in the measurement of the interplanar spacings In -

- addition, the accuracy of the interplanar spacings snd =

relative intensity estimates decredsos repidly us the -
line breadth increases; because of the diffaseness of the

ine as well as the increase in the background sgattering.
urthermore, the relative intensities for the lines with -
‘interplanar spacings greater than 2.80A may be -
appreciably low bacause of the\hi%phbackground tlackening .
present in this region of the diffraction photograph. . .

Seversl general characteriatics of the cgzone :
oxidation are evident from a visual examination of the
films. PFor a given wedge the imercase in tha diffraction
1line breadth with decreasing thickness of the wedpe 1s
indicative of decreasing crystallite size, With inereasing

‘temperature of oxidation there is a marked increase in

the sharpness of the diffraction lines indicating an
inerease in crystallite size. The photographe for the
granular oxide formed in the thick section at high =
temperatures contain very sharp diffraction lines. This

is well illustrated by the fact that the Cu and Koxp
reflections of 0.7850 and 0,784L0A are very well resolved. -

It was asgsumed g,g?;gxi that the silver in the. thin
section of the f£1ilm would be most completely oxidired,

An examination of the data clearly demonstrdtes that, for

the wedpges examined, the reverse was true, since the

 silver line at d/n=2.04 is relatively more intense in

the thin sections then in the thick, The sagse of st
ozone oxidation of the silver decreases wilth decreasing
wedge thickness, The microscopic examination of the
wadge J (Table XII), 3-sec silver avaporation, suggests
that the ease of stlver oxidation by ozone incrsases
with fast rates of silver deposition. X-ray data

for this wedge are not availahle,

-Some progress can be made in analysis of ths

results as follows, QConsider first the thick seetion

of £41m I, Table XIII, Since the line at d/n= 2,04

~ " 4a absent, it follows that metallie silver is absent,

Since the line at 2.36 is also missing it follows that

7
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- 1,66(30)

-geetions of the £1

'gggg_ta missing. There is no line at 2.59, which
' .

atas that AgQ 43 absents The whole x-ray

diffraction pattern is therefore due to one or -

moYs gubstances other than the shove., If the

~gystem 1s & two-phasge mixture, then the strongest 2
“3ines must bYe due tc the ?ra nderant. phase.,  These"

lines are 2,74{100), 2.42 3; , 2.28(25), 1.,70(20),
lines wiﬁh :lntansi‘f:ies above 10 end d/n 1,25 have : :

been liated. This arzment would in itself be vary

‘wesk, It is greatly reinforced, however, when we
“examdivie the thin sections (Table XV),  We first¢ :

diseuss all films of Table XV ept H, Of the -
lines listed above, 2,42, 2,28, 1.00, 1.39 and 1.37
are gither absment or appear with very low intenmities,
Lines at 2.7.L and 1l.45 do, however, appear, That at

1.45 san be accounted for since the 2,04 line is

present, which indicates metallie silver, But metallie
silver also has a line at 1..L5 whose intensity &s equal
0 that at 2,04, This i3 precisely the situation ¢n
fable XV and henes the 1,45 1lins in Table XV 415 due %o
sllver whereas in Table XIII 4t was due to something -
elasey This leaves the 2,7L line to be aceounted for.

~ This cannot be due %0 Ag%p because this substange has ' -

a strong line at 1.66, biit the films of Table XV = .
have very week lines, or none at all, in this position,,
This line eannot be due to AgO becsuse there is 1o

I4ne at 2.59. The closest are at 2,61 ~ 2,62 and even

ese are in general weak, The line at 2,7L in Table

must therefcre be due to another phase, Thess 5
results tend strongly to sonfirm the wview that all of
the strong lines for f4ilm I of Tabls Xilfl are due to a
single solid phase, which we may designste ss the
*h ase, and this solid possesaes one diffreetion line
at 1.45 which coincides with a gilver line and another
1line at 2.7L which coincides with a 'lime from a
second solid phase, -, which oecurs in the thin -

_ fmm’’ Further confirmation for this

view is obtaimed by eonsidering £ilm H of. Table XV,
This 13 the only filx which econtains a line at 2,42
oy anywhere. in the vicinity, If, as seems certain,
this corresponds to ?he 2,41 1ine discussed zbovs, -~
then the same phase as in Table XIII ig {ndicated
and this line should be accompanied by ethers at 2.74, o
2.28, 1.7, 1.66, 1,15, 1.39 and 1.37. Inspection of  *
column H ghows that this is indeed txue and the
relative intensities agree with those listed earlier,

This constitutes very strong cvidonca“in“!avcrwof~the--—;~~
initial hypothasis. - S %
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_ cularly-prominent, ssems to be firmly
f andrehes~ lines are the most intense 1M -
; H, I of Table XI11, There remaing tho
sesm} of whather the weak lines at 3.36, 3420, 3@00
gte . arise from the sams phase §; or from a second
;h e;!g; The latter alternative; a new solid phaso,- 5
eﬁs-to be the correct one, This 18 indicated .
' ”*ﬁ, e faet that the lines 3,36, 3.20, etc, al:o
appear 4n the thin sections of the fiﬁna 7
'Gﬁbﬂp& “#41m H) even though ths absenge of a lina at
2443 indicatas that.Q is missing, In fact, Rl
aajority of the diffraction lines of Table iv (axcept .
i) can be accounted for on the hasis of a aolid phaah ;
L1 end motallie silver. | '

g;m

& %0 8 Eroup of diffragtion linee, With the 2k .?
b

¥ Aa pweviouely pointed out. 5320 and Agp are. - i
"etther ‘gbeent or present in small preoportion in wmogt B
of the f{lms of Table XV, Assuming only ’ and siliver - -
' to Be present, the lines characteristic o ik can be.
obtained and reugh intensities asmsigned, This folluﬁs
because the intensities of the silver lines relative’  iv'
ta 2,0t sre known (Table VI and the eilver contributions
ean Be gubtragted out. When thia is done and the s
- relative intensities referred to the 2,74 line agm .<*ﬁ». -
400 are calculated the results of Table XVI are - .
‘. ineds The Y3 lines are also included in Table IVE
for comparison, The intensities f‘or the Y1 lines are’
obtained by considering £ilms E . of Table
XIII and are rough estimates. @here 13 csneiderable
doubt ds to the relative intensities of the 2,51,
“Y¥.97, 1,67 and 1,60 lines of the Y, vhasa, The reau&ta
gan e considered little better than rough gu&ascﬂ. o
. The 2,36 line intensity in Table XV is somswhat '
peguliar and the results are difficult to interpret.
f-because the filme eontain silver, which has a line at
2436, In samples P, G, I the 2. 36 1ine seems due -
“almost entirely to eleer, judging from its intensity
~ relative to the sllver lines at 2,04, l.45 and j Y
This Is not the case, however, for films A, B, D, where
the 2,36 line is much too intense to be due to silver.
‘There seems at firet sieht a poraibility that eamples
A, B, T (Tabls XV) mav contain Ag,0, which hes an
iutense line at 2.36, but furthor consideration makes this
secm wnlikelv for the followinr reason, Apgs0 elso has a
1ine at 1..2 which doer not aprear on f£ilms A B, D.
lThe lina broadening in +hin films, previonsly ﬂentioned
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- makes It difficult to resolve a }1nafatwl.§2$ffnm"_;b
--the silver line at l.L5, but resolution must bs =~

.. &«23 are resolved in this case even thoursh they =
.+~ are separated less than l.42 and l,45 and, morsever, .
.« they ‘ar: expected to be broader. Under these - %
eonditions it seems unlikely that the variable
~intensity of the 2¢36 line is due -to varying amounts

L “"Wa_have, however, included the 2,36 line in Table
Tt o - XVitand indicated the range of intensity variation
' & af'ter correction for the contribution of metallie
" milver. A line et d/n = 2,61 sccurs in several .
casen, The intensity of this line is so variable
_o~with respeet to the remaininpg lines of @2 in all of -
: _the Tahles XIII, XIV, XV that it has not been ‘
; . dneluded in .T_abie'. XVi_as a Y, line, Since only one
: - }ine 4s involved we sannot tell whether a solid
hase 1s indicasted or whether gomething elae
i.e. s0lid solution formation) might aceount fer
its behavior. The discrepancy hetween 2.6l and the
nearest Ag0 line at 2,59 is consistently obtained
- and gseems too larpe to indicate the presence of Ag0,
- eapecially gince the remaining line positions and
intensitiss are not in good agreement with these to
be expected for Ag0. . '

~ In sumnmary it seeme to be established that a .
solid characterized by ths o lines of Table XVI-
exists, although we cannot be sure that the lines
are characteristic of a ginpgle phase, The lines :
charaecteristic of the §; phase seem bettar sstablished,

e . One item remains which is worth mentioning. It
& - -wae thought at one time that the thick sedtions of the
: films oxidized at the highest temperatures (fAlmg B,
Fy G, H, I of Table XIII) might correspond to a pure
- phase which was the most highlg oxidized silyer oxide
" obtainable by thes2 methoda, f this were the case,
then the weak lines at 3,36, 3.21 and 3.02 might be
considered as superlattice lines of phase §,. In order,
o ‘however, to aecount for the absenge of the "] lines in
o the thin film seetions in this way it is neeéssary to .
: suppoge that the ¥y and @2 phases have three lines which -
~edineide at thess positioms, end this seems to be =
“pashing coincldence a bit too far. The interpretation

" possible in film D since two lines at 1,21 and - i s o

T V.}' of Ago0, The wariation is at present unexplained.. i heleh

-.0f the preceeding parasraphs secems to be more probabie,j=§{

" and is tentatively adopted for this report., Further



in'B, ¢, B, P, G, M

{nformation which ‘baars on the assigmert of these
lines is discussed in,Seq;ions-h.3~aﬁd7g,h’. ke

5 ﬁaying_néw obtained some infprﬁatibﬁ.as to the. .-

. xepray diffraction lines which characterizs the various
- 3011d phases, it is worthwhile to return briefly o -

the consideration of the rasults. It is useful to -

- discuss the thick and thin sactions separately. -

" Gonsider first the thick ééctidns. It has
already been pointed out that mataliic silver is s
aither ahsent or present in very small proportion as -

indicated by the abzence or weakness of the 2.0L -
~1line, The oxide Ags0 is also present in only trace |
.amounts .in films B, F, G, H, I, This is indicated

by the low intensitvy of the 2,36 line in these filme.

It is further confirmed by the low intensity of the .
1.42 line, - In films oxidized at the lower temperaturepn
(A, B, C, D), only trace amounts of Ago0 are present - -
inB. and ¢ as indicated br the very weak line at 1,42;

Films A and D contain more Ago0 as indicated by higher

intensity of ‘the 1,L? line, To summarize, film A |
containg an amonnt of Ago0 comvarable with that =~ . .
obtajned in the oxidation of massive silver, D contains -
less Ap,0, and all other films contain very much less
Ag,0.. Eoth \gl- and ¥> are present in all fims, $¥3 .
beihg predominant, - %he ratio of \Pl to Y2 is highest

H

: Consider next the thin sections. 8llver is present
in all f4lms except H, as indicated by a diffraction
line at 2,0k. From the intensity of the 2,04 line it
appears that f£ilms F, G, I contain the larsest amounts
of silver, films A, ﬁ, é,_D eontain roughly half as
much, film E contains only a trace »f silvar, while

f1im H contains too little for the 2,0L line to be

. detectabla., The provortion of Ago0 must be small since
‘thiz substance has a diffrasction iine at 1.66 while the

thin sections of the films have either a verv weak

line in this position or none at all. The 1,L2 line is
absent in all cases, The latter observation would be
conclusive execept for one faestor. Xerav lines for the
thin seetions tend to be hroader than for the thiek
sactions, and the questicn arises as to whether
resolution is sufficient to resolve the silver line at
1.L5 from the oxide line at 1.12., In films C, D, and

H the resolution is certainly hieh enough because in C

the lines at 2,04 and 2,07 are resolved, in_D 1,23 -

83
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. .
and 1.21 are resolved while in H 1.39 and 1 37 are

resolved. It seems likely that r2solution is
sufficient in all cases, although conclueive

‘evidence is not availabls from the diffraction

spectra themselves. It seems justifiable to conclude
that Ago0, if- presont is in too small provortion

~to be- detected. The. diffraction lines at 1.66 must

” be.duys to some other substance.ﬂ It _has previously ;

-_been pointed out that phase P, is present in the thin .
gections of all films while fi

'91 is nresonf- only in this- film.

Im H is unique 1n that

' One salient fact which arises from the foregoing
experim°nts jg the decisive influence of silver film
thickness. By far the most significant and consisfent
differences in chemical - composition arise between 'the——
thick 2nd the thin sections of the €ilms. - Other
variations in processing conditions failed to produce
much change in the nature of the solid phsases {except
for £ilm H which seems mcre like an accident than a
consequence of variation in processing). These
remarks applv cnly to the chemiecnl comuvosition of the

films.  The particle size (as determined by microscopic

exaniration) and optical oronerties, on the other hand,
are ouite sonsitive to chanees in process ing conditions,
lnuludiﬁ? film thicknnss. ' -

In sneaking of "thickness“ some oualification seems

necegsarv, Marv expsrimonte bv other invectigators have
shown that silver films containine different amounts nf
silver per unit area mav differ in other ways than in
linear extension, Microstructures of verv different
kinds frecuanfly arise. In passing from the thick to.
the thin snaction of a film of graded thickness the
microstructure of the filn undoubtedly changes, and
this alteration in nmierostructure mav be, in fact, the
real reason. for the difference in behavior. Wsight per
unit area mirht well be a more useful quantity than

c"thiekness™ for characterizing the films, althoush we

have not made usa of this terminoloev.

It'is now of interent to contrast the oxidaﬁion“w“

‘products obtained for evanorated gllver films with

those obtained in the oxidation of massive silver
Section L.2)w In the ovidatinn of mazsive silver
silvar wires) diffraction lines due to As, Azs0, \92,
§,, ara 2ll-ottained and it has ‘hean established

that the order of occurance of the solid phases is

8L
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 that rtVen
' oxidation excapt for film H, whieh cont.a] _VQ%

Seott
amraistance,  In order to establish 3 connection

a c«rtain thickness; the "eritical thickness'

mzeept that the order of \9 ¢
unknown. Aﬂong the. oxidation products oP tﬁe ¥
thick-sections of evaporated silver filmes Ag is
missing and Agy0 i8 present only in trace. amounta
exc¢ept in films A and D. The thin sections of
evaporated silver films contein Ag and ¥ after

Thn final problam is to find thereasonq !or

fthe rather unusual hehavior descriheéd ahove,' In

this gndertaking the results obtainad bty Sennet amd
in the study of silver films is of considarable

betwsen our experiments and theirs we consider the
film thieckness involved, - To obtain the thicknesses
we first consider the nercantage transmigsion for' each.
of the thin sections of the gilver films before °

of each thin section is estimated from the data of

Sennat and Seott?, allowance heine made for evaporation
-time. These. aafinatps, which are only anproximate,

appear in column five of Tahble XITA., Then knowing the
positiona from which the various samples were taken and
using the geometrical dimensions which prevailed during

. eveporation {Section 2), the thickness values for the

thiek and intermediate r@vionq wers computed. These

regults are given in colums three and four, of Tadble

XIXA,  These raqnlts, althourh approximate, are
3uP*icient for our purmses, Note that no sample was
tnken fyiom the thick saction of sample F. The

_diffraction pattern for this samnle is the same in

both Tables XIIT and XIV. We now grooead to’ consider

Tt.waq observed hy Senn¢+ “and Seott that Qﬂlow

evaporated silver films coneisted of very “emadl ,
particles (sometimes only a faw hundreths of a micron
in diameter) which were not in contact. That is, the

particles rested on the substrate in relative

isolation., At the critical thickness they touch each
other and sheve that thickness the particles merge,
althouvh verceptible voids remain in some cases up to
twice ;he eritical thickness or bevond, Ultimately,

- of course, tha films acquire a solid apnpearancs of

the f&lms ‘in Table XIIA six were evaporated in 75

-minutes, two in 15 minutes, and one in 240 minutes.
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l] oxidation. The xerav diffraction_data for the. ox;détion
 vroducts ohtainad from these sactions are given in
"~ Tahla XV, - Usinpg tha transmiszion data, th@ thickness

'_some of the results of Sennet and aco*t in more detail.
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__;sa of photographs is given in Sennet and 8%0t$&g

ipor .of £ilms evaporated in 20 minutes.. From an.

E '“'”fignref«phose photographs and a considerafion
}*at.ghawﬁosition of maximum radiation absorption, it -
_L.petps veasonable to place the critical thickness I\
7 abeut 200A for such films, This 4s onlv a rough .-

g eetimatn. At '175A the particles are still well .
: gepdrateds at 220 Asome mersine, usually in. paira, R
nvident a]though ﬁlose contact is certainly not ..

3 hlidhnd. .Bo data are miven for films evaporat da

2 2&0 minutes, Jideins;-however, -from photographs

% _gir"’fbr a 75 minute evaporation and taking account

: of the trend, it seems likely thet contact is not

¢ established balow LOOA, Those estﬁmates are sufficient

~ Table XIIA it tacomes clear at once that all of the*
thin sections have thicknesses helow the eritical.

- 80" that we are dealing with verv small silver praina

" whish afe not in contact with cach other. PResidual

“pilveride found in thess thin sactions (except film 3),

‘> wnd hence it 45 established that large numbers of

" emgll, isolated, eilver grains are hard to oxidize.

<P thipk aec*ions, on the other hand, considersh yiﬁ

i, Vgxosed the eriticsl value in thicknes , and these

.. £ilme contain no silver except for film I which has
a trpee, This establishes that closepacked small

......

"',silver grains pre easy to oxidize, In the 1nfermed1atef

- sedtions films A end I have thickneszes less than the
. erditieal, and both contain silver, Films D, F, G, on
U the other hand, have thicknesses definitely preater
. "than.the critical. D and P have no detectable amount

of s%lver while G has a barely perceptible amount
{the 1line at d/n=2,0L has intersity 1), Films B, C,
and H are so0 close to the eritical thickness that we

. cannot .clagsify them, One containg silver and the
" other two do not. The correlation obtained between -

igolation of silver rrains and the aprearance of
‘repidual silver is varv pood indeed., There can be
but little doubt thet Failure to oxidize silver
follows from the fact that the grains are not ir
sontact. Wnen contact is estahlished, oxidation is
camnlete.

These observations verv strnngly sugcest “that
nucleation 13 an importent step in the ozoneé oxidation
—of-silver, - If it is necensarv to form a nucleuz from
which A silver oxide eryntal can’ grow beforw oxidation
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_ diatributed, the oxidation would seem uniform.

can oocur and if the nucleatien rate is. low, then
the above obaervationa become understandable at once.
In a film conaisting of a very large number of small
silver grains isolated from each other, at least

one nucleus must develcp on'each grain before oxidation
can take place.  If the nucleation rate is low, then.

on tome grains nuclei do not form soon enough and thay i

remain unoxidized. Since the grains are so small,
about 0,01 micron or 10OA in diameter, oxidation =

" procesds rapidly, once a nucleus is formed, because
. there. is not. enough material to form a thick oxide
layer to limit o

dation rate by diffusion. In thicker
films, however, the grains, although small, are in
close. contact, Fewer nuclei are required because- a
crystal growing from a nucleus can spread to adjacent
grains and grow indefinitely although perhaps with-

““numeprous imperfections, ‘It is therefore plausible thét

a thick film can be oxidized completely while a thin
£1lm is not, becaunse the oxidation rate for the latter
is limited by the nucleation rate whereas the former is
limited only by the rate of diffusion through the
intervening oxide layer which forms. Further. evidence .
which supports the nucleation hypothesis is the
observation (Section L.2) that ogzone oxidation of silver
wires frequently starts at a point from which the oxide

__grows over a aonsiderable area before halting. Oxide

then forms again at a new point and grows until: g

‘ultimately the wire is covered. This strongly sugpeste

that a nucleus is formed at each such point. It auggesté
in addition that the nucleation rate is low, for if many
nuclei formed simultaneously and were uniformly

It meems desirable at this point to discuss in
somewhat more detail what is meant by a pucleusg and
to differentiate between two types of nucleation., It

has been emphasizéd previously that x-ray diffraction
{oy péwder samples scraped from thin films leads to a
“1ine speetrum, This proves that the oxidation products

have an atomic arrancement which is well enough ordered
to form a diffraction grating., A nucleus eonstitutes .
a small group of atoms sufficiently well ordered to

serve as the center from which a erystal can grow., The
nuecleus is not necessarily perfectly ordered., Aecording
te recent theories of erowth rates of crystals, slicht
imperfections dislocations) increase the grawth rate., .

Moreover, crystals of 2 foreign substance may serve as. .
.nuele‘ even. though the erystal structure differs from
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that of the solid to be formed provided only that =
1t conforms closely enourh 80 as t6 intiate

~erystallization., It is useful to distinpuish

hetwean nueleation which is spontaneous (i.e. the
chance formation of a sufficiently well-ordered
arrangement of a few atoms to induce crystal

growth) and that which is promoted by the presence - -
~ of a'template of some kind which makes particularly
eagy the first formation of a rsgularly ordared :

atomie afrangement of ;silver and ‘oxygen atoms - -
characteristic of the solid oxide under considerntinﬂ.
Such a temnlate might be provided by a foreien

erystal as discussed -above, or by one or more crystal
faces of a silver prain whose atomic arrangement.
conforms to that of the oxide, or it misht be

provided by a disordered or distorted silver rrain,
No definite conclusions concerning the mechani

of nucleation can be given at present. In the above
discuassion we have in mind an element of chance in
both cases, A nicleus is regarded as formed only

when the subsequent growth hecomes certain. A
template may increase the chance of forming a nucleus
without itself being a nucleus because the mere
presence of the template does not assure that crystal
growth occurs from that instant onward but only that
at some subsequent time crystal growth will be
initiated and will proceed thereafter, the probability
of iniation being greater than in the abssnce of the
template. Activation of the oxidizing agent as in

4 discharge, might well increase the rate of
gpontaneous nucleatlon to such a degree that nuclpation
was no longer the rate determining step. This is a°
matter to be considered further (Section L4.33) in
comnection with the glow discharpe oxidstion. If

romoted bv a temvlate, then the

nucleation ig
nucleation rate might well be 3°neitive to small

amounts-of impurity which could either increase the
rate bv nroviding new or more favorable templates,
or reduce the rate bv unfavorably alterinﬂ the
existlna templates.

The ahove discussion should make clear what we
mean bv a nucleus and also why the hypothesis of
nucleation has besn tentatively adopted. There =till
remains, however, the problem of accountine for the
oxidation products. It has been pointed out that ¥,

—and Ag are the solid phas~s-found in- the thin sections-

except for film H, Phase ¢ is found only in film H.
On the other hand, btoth \§; and ?2 occur in the thick
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seeticns along with traces of Agzo. Silver is

- usually absent from the thick sections, Since §3
is found in one section of the film, 4t follows .
that:ozone is a strong cnouph oxidizing agent to .
_profiuee the.phase. Absence of silver is not .
_essential to ¥y production since W3 is produced
_4n the oxidation of silver wire (Section L.2) and

‘exe8ss sllver always remainsin those exnerimgnts.“fifﬁi

‘On ‘examining Tables XIII, XIV, XV we find a

f~~nonsistont -tendenoy for: ‘lht° 'be abeent. from those

' damples which eontain the highest proportion of

..allver and to be present .in -those. samglasﬁwhich hé§é :

" the lowest proportion of eilver. If our previous
hypothesis coneerning nucleation is correet, then
 the presence of unoxidized silver in & film indicates
that silver particles were not in contazt hefore. :
oxidation, This immsdiately sugpests that ¥ rains .
are still igsclated to some degree after oxidation;

‘and the failure to oxidize further to @ is again’ due

" to the slow nucleation rate in the oxidation of 'ﬁ
Wi On the other hand, oxidation is faater in thos
gections of the films for vhich packing 1s closer and
reading to adjacent grains is possible, The fact
at high proportions of @, tend to accompany low
roportions of residual silver then arises because:
ow silver content indicates, in these particular
experiments, elose packing of
nieleation rate is thereby reduced. In silver wires,
on the other hand, grains are always close packed, and
silver content maasures only the extent of oxidation

and doas not serve as an indicator of grain contact.

Unfortunately, the above view of grain isolation is
not well supported by microscopic examination of
- oxidized films. At LOOX with an optical microscope
particles are observed, and these particles must be
of considerably larger size than 0.1 micron. - X-ray
investiiation, on the other hand, reveals line
broadening such as would be expected of particles

" gmaller than are observed microscopically so that the
obsarved particles are probably clusters. We do not
know how extensive the clustering is and hence the
above hypothesis is not definitefy disproven., On the
other hand neither is it established., The question
must remain open for the present since no further
experimentsl resuvlts are at hand to test it, and

. neither is any plausible alternative explanation of
tha AL T _

- The d*stribution of Agzo in the products i1s also
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i—F-presumption 1s strong that unoxidized sil¥er brovidas

F‘A-'

of 1nterest. Thia substance tends to appear in bigher-
proportibn in the thick sections. lven there the ..
proportion is smell in most cases. The oxidation of
- silver wire showea that partial, but deap, ozidationSp:
- in.which the suppiy of silver 15 not exhausted lead

to the formation of a layer of Agy0 between .'T_-:

‘amoxidired silver and the hipher oxides ¥y, . The

2 sgourags of silverﬁatema whieh diffuse throush the.

-: ~~1avar at a- sufficient rate to react with excess .7 A

- oxidizing agent and thus prevent the further oxidation
of Ag,0. It is a known fact that ozone can oxidize
onovdlent silver to the divalent or trivalent state .
{Section L.k). ¥hen, therefore, the supplv b silver '
is- axhausfed further-oxidation of Agy0 to
- fo be exnected. ‘In the thin sections of - sil%er ilma'

‘::»:«} the -small (e~ I00A) silver particles oxidize rapidly =

to completion onceé a nucleus is formed, Hence Agp0,

1f formed at all, is rapidly oxidized further, In.
‘the thick sections the suoply of ailver 1s greater 80
that, even though the supply is exhausted, complete o
oxidation of Agy0 dons not take place within the time

of experiment. . In the oxidation of a large silver grain

it seems highly likely that-at some -intermedlate atage -
the grain consists of a core of silver with Ags0 '

. surrounding 4t and an additional lrger of 91 or ¥ - mall
s ether even very 8

(or both) surrounding the whole.
rrains pass through such a stage, 1s unknown. No
definite indication of Ago0 has been found in the studv
of films, thin enough to consist of isolated erains, - .
oxidized bv ozone, rf, or glow discharge. To summarize,
~“the low Agzo content of oxidized thick silver films in :
-~ comparison to partially oxidized wire is dus to -
exhaustion of the silvar supply in the former case but
1ot in the latter. .In the very thin sections of silver -

o films the coexistence of gy and Ag without Ags0 im

possible hacause the intimate contact neces«ary for.fﬁe-
_diffusion of silver is not established

4.32, RF gxidat%on §g : i
- svaporated silver films, @

As a rosult of the difficultlies encoumtered
in oxidising silver films from 50 to transmission
during the prchration of semitransparent cathodes a-
‘special tube, PT27, was-constructed. At the time the -
experimcnt was performed we were under the erroneous
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'._hoavily oxidized silver film. ‘

impreasion that failure to reach 90% transmission was
dus to incomplete oxidation. Because of this :
impression an sffort was made to oxidisze the film as

completely as possible. The x-ray diffraction resﬁ;ta

are therefore of some interest.aa an example of a

i

In tuhe PT27 the cathode consisted of a: 1131nch
microscope slide with a chemically deposited platinum

f1lm boundary surface and an evaporated silver wedge -

deposited over the surface. The slide was mounted in
nickel clips which were attached to the nickel-tungsten
leadein wire through the pyrex tube envelope. Th# %

- anode was a nickel-tungsten lead-in wire.

‘The tube was sealed to the vacuum syatem and

outgassed at 250-280°C for 1.5 hours. After

introducing oxygen to Py, = 0,861 mm Hg, the slide was
rapeatedly oxidiged with the glow discharge produced
from a repeatedly charged high-voltage condenser.

_During this high-voltage glow oxidation the film

apneared to be oxidizing only at discrete points on
the surface rather than uniformly over the surface.

The final oxygen pressure was 0.833 mm Hg with only

a small change having occurred between the 1l50th and'
BSOth condenser discharge, An aluminum foil sleeve

was then vlaced around the tentral section of the tube

and was conneeted to the rf oscillator., The first »f
discharge reduced the pressure from 0.833 to 0,650 mm Hg,
the second from 0,650 to 0,605 mm Hg, and the third

from 0.605 to O. 56h mm Hg, During this process there

‘was an _inerease in the transmission of the gggface,:h_.w

the 39% recsion increasing to approximately
transmission. The tube was then sealed off the vacuum
system, the tube envelope fractured and the slide

remove The film contained approximately 26

micrOgrams of oxygen per square centimater.

: Microscopic examination of the slide at 15, b5,
90, and LALOX showed a distinet variation in the
structure of the oxida film along the wedge. -In the -
O=l region the surface consisted of a very nodular
black oxide film resting on a substrate of unoxidigzed
ailver, In the region le2 the oxide was agpregated
and the tra~smission was greater than in the 2«3 or
1-2 ragion., PFrom 2.3 the film changed to a semi-
transparen: continuous film of a blue~-green ctolor,
which chanped to pale red at h, and a yellow-pink at 5.
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{ L7 Accompanying the color changes _there is a continuous'
./ inerease in the transmittance of the. film. '
"o W reflected light (air-oxide interface) the_5.cm region
was red changed to blue at 4, yellow at 3, to blue ok
and black between 2 and O. Microscople - - e e
Bt A A of the oxide £ilm betwesn 2 and 5 at LLOX
,‘showed a continuous film with occasional 1alands of
~aggregated black oxide. T e ot L Y
R 5 To astablish the compnsition of the film x-ray
“. . powder samples of the oxide were removed rrom the .

«5 = 3.5 region, and the 4,0 - 5,0 region. The
_diffractlon data are presented in Table XVII, -From.
the diffraction data it is apparent that the silver
was practically completely oxidiged in the region -
from 2,5 through 5.0, Thus it was establishe that,
in the sarly expcriments on the preparation of
transparent. cathodes, the silver wss . practically .- --
ecomnletely oxidized and the experimental diffioulties
encountered in oxidizing to 90% transmission could
not be due to the incomplete oxidation of the silver.
In Table XVII the interplanar spacing data for the

. &g0 oxide and the ozone granular oxide of the thick
section of film B (Tahle XIII) are ecompared with the
data for PT27, It is '®bvious that the line positions

¥ S ~ &nd intensities for film E and PT27 are in close
§§§ i agreement, The same solid phases are obviously :
e -present in the two cases., It must be noted, however,

3 that film % 1is not typical of silver films oxxdlzed

- ‘&t high temneratures. Inspection of Table XIII ahows
that' the 2. 62 1line ia much weaker in films P, G H I-

© than in B, We have already concluded that P 3=
contain two phascs, @ and §4, the former belng ; :
present in ‘mueh greater propg%tion. This suggests
that B contains still another phase as indicated by -
the strong 2,62 line, There is a further possibility
that thig adﬂitional phase is AgOD. However, the line
positions are not in as good agresment as we belisve
the data justify, especially in view of the sharp
xaray 1lines invoived. Because only one x-ray
diffraction line is involved w= prefer, for the present,
to leave open both of these quections., That is, we do
not claim that an additional phase 1is concluvaely B
established nor that the questionable phase 1s AgD,
We do elaim, howaver, that the products of rf oxidation
are the same as for ozome oxidation of film E, and

- are #anerally siailar to those obtqined 4n the ozone
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FOR RF OXIDE TUBE P727
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<_ox1dation of films F, G H, I except for a posaible
additional phase. Bofh(o d $5 are certainly '
_ present in the rf oxidinec uilver film.

L A microacovic examination of a- heavily rf
_foxidized allver film of -graded thickness has also
: been made. The oxidized film was striated in.a
T "manner sugrestive, on superficial examination, of
. interference colors. 7These colors are probabiv due,
however, to the distribution of sma]l particles 4in

_the film (see Appendix 111),

L.BB. b rect rent ow
Kz.m.]..._sm:... glow

el

e For the vlow—discharpe OVidation etudv '
the evaporated silver wedge tube desien discussed in
Section 2.1 was used., With this tube desiom it is
possible to deposit a silver wedge of varyine thick-

. ness, Herce the effert of varvinw silver thickness
on the oxidation could he studied,

A serizs of six wedonotvpe tubes waere nrﬂvaed
in which the change in the percentage transmission
{Sel surface and white light) of the 50% transmission
rerion durine the glow discharge was investissted.
The data on the tube vrevaration are givsn in Table ,
. XVIII, In the oxidation of tube 1927«1lh-l the dischavpe -
' was maintained for 6 minutes in order to verify that,
* with 360 volta aerose the tube and 8.10 ma currant,

the cathode was complately covered by the glow discharge.

When tube 1927-15.2 was oxidized the transmission Ly
. anpearsd to pass through a maximum and zonsequently
' the _remainder of the oxidations were psrformed by just
' . flashine tha high voltace on and off usine 1 to 2
geecond disnharees. The percent. transmission versns
total discharces time for the last four tubas prepared
is shown in Fig. 1h. The results for tube 1927-15-3
have already been used in Section 3.5 to illustra.e
the denendence of lisht transmission on extent of .
oxidation. The xerav diffraction data for the samnles
indicated ir Table XVIII are presented in Table XIX,

The transmission curves in Pie., 1L clearly
' demonﬂfrﬂfp thaf in oxidation the transmission of the

96



.v:go oﬁ.v ew oT=g ue Ea onuo ey3 Ssoxd® S9TOA O9f Jursn peurojled SUCEIBPIXD

*BH W o OTXT> TBUN d
: _ E 38 Jnoy T possedep’ ATTRIITUL seqny
._ crndiE Rl U < T - L'9T === TI$*0 ST 9-9TL26T
| 06=09 2L, . : | |
. 00T : ;- L= N S %
09~0% 3185 06 € 6 6% -  099°0 ST $~9T~L26T
: 8'8 .“ ml : m .. | .
oot g | :
Q-ov  LMemo9LT 2 08 L GMT 948°0 098°0 ST =9T~LZ6T
bt e T L9 0§ 0T Ozw €L§°0 0T9°0  Of  €~§T=L26T
09~0  ¥-6m0%T 69 0% 2 ofm 264°0 §68°0 O Z=ST-de6l
e~ €&~ o i g |
.. 09< e, R i -
S OgmOtw o TTIEROSLT UL 106 T 8n L0 gL8'0  00€ T-TT-LZ6T
o ® RS
; : 4 | ’ ﬁMH J0 *of oNc Nom o, °deag oqny,
ks ..__aumnmaagnm 40 _.zcn.sads SOUVHOSIA MOTO °IIIAY TEVL

3
S H



" PABLE XIX. INTERPLANAR SPACING DATA FOR
HIGH VOLTAGE DC OLOW DISCHARGE
OXIDIZED SILVER WEDGES
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g T o R+ gl 3 ‘Bla
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TABLS XIX. (Contisued)
J lsck  Black  Yellow
-U7U - dalr  am(D a/m(D)
2.985) "“2:96 55 2.96(8)
2.3? 30) 2,76(100)  2.75(100)
5 2.48(200
2.36(100) 2.36(50) §'§§gl’> 2.36(k0)  2.36(100) 36(&0)
zﬁazsg.s; 2 2l an 2)  2.2200) 5 |
2,06{10) = 2 05(20)  2.04(5) .o7§ 2 o:&gzs 2
-Lonte I 1.96 1096(20) 1.9 ©1.96(20)
: ?7§ S v it %’%ﬁiiég 1.67 &705)  1ie7(8)
Léo(5) 165 1.61(20)  1.61(58)  1.61(10)
1.45(18)  1.4,5(20) 1.&5(155 1.45(15)  1.45(30) Lusts)
i.gtigz?) 1.2u(28) 1.2?.’(17 1.24(16)  1.24(35) 1.2i(20)
N s '1___18,(5) 1.19(k) © . 1.18(20} 1.17(5) “
i .mn 1.134(5)  1.136(4)
atg HE a p gem
B35 . w ’ CAF I A E
0786(&) 0786‘8) : »786{1) 0786(20)
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£11m fmereases to a maximum and then decresses.
This observation accounts for the diffi ties
previously encountered in oxidizin

transmission. The oxidation methogs previously

used ware so rapid that the maximum was. passed

'without reeognizing its presence.

In the preparatlon of the oxide samoles for
the x=ray diffraction powder specimens, several.
interesting observations were made., When the e
£11m for the powder apecimen from the first four
tubes was scraped, the oxide was observed to be
blaek when appregated easily removed, ond easily
pulverized., The oxide in the 00% transmission
tubes, when the tube was scraped, tended to peel
and had a continuous film-like structure, a yellew
semitransparent_appearance, and was not easily
pnlveriged for loading into the capillary.’ After
being pulverized the oxide was blask. A powder
photograph of the yellow oxide was prepared -

immediately after filling the capillary, and a

second was made three weekq later., The first

photopraph indicated that the silver partiele sire

in the sample was very small, prohably appreciably

lass than 100A, since no silver lines were observable
with interplanar spacings less than 2.,04. The second
photograrh, which involved doubling of the exposure
time, showeﬁ sharp silver diffraction lines indicating
that the silver crystals had pgrown in size. It would
be of interest to investigate this phenomen using = .
focusing x-ray cameras with which it would be feaqible
to studvy the actual gurface film,  Counsidsring the
results quoted in the previcus section on the formation
of transparant yellow sections in the rf discharse
oxidation of a silver wedge, it is evident that the
formatilon of the yellow transparent oxide film involves
a fairly complex process, Actually the amount of oxygen
per unit area for a 90% transmission tube 1s of the
order of magnitude required for the formation of the
first-order yellow color on the massive cathode tube.

From the x=-ray diffraction photographs it is
evident that a crystalline oxide phage is formed during
the oxidation process, 1t is also evident from the
diffraction line at d/n= 2,0LA that residual silver is
present in the surface, and that a high transmission
does not implv comnlate oxidation of silver. Silver
is vresent in both the thiek and thin sectlons of the
f1lm. This is in contrast to the results for ozone
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oxidisad,filma uhare metallie silver was fbund maialy

“4n the thin sesctions.  Thers is no real contradietion

of the results of Section h.31 howuver, as is’ poiuted
out later. e A

Prior to consider:ng 4n detail the'x-ray data

... “of Table XIX it is to be noted that the interplanar
. spacing and intensity data for these samrles are
‘subject to greater error than for the thiek oxide
‘f1lms of Section L.31, because of the iire broadening
: associated with emall’ erystallite uiwe.m o

 Mhe nature of the golid phases produced an dc
vlow discharre oxidation can best be indicated by
comparison with ozone oxidized films, In Table:
the xeray powder diffraction pattern for £ilm D of
Table XV'is compared with that for a LO- -
nsmission silver film which has been oxidized to e

in a de glow discharge (see Table XIX), The ..

diffraction natterns are in fairly good agreement, ‘

The chief points of differcnce are (1) at high valuea

of d/n the line positions do not accurately &g :
(2) several weak lines in the orzone oxidized lm are

_ abgent fyrom the other film, (3) the lines at 1.67 and

1.6 avre morn intense in the glow discharge oxidized
f1lm, and (L) in the glowwdischarpe oxidized film the
lines at 1,45 and 12 E have higher intensities it
pelative to the line at 2.07 than would be expeeted
for metallie silver, The first of these discrepancies
is prohably due to high background at high d/h and

to line broadening, If we examine Table XIY we see
that some variability in line position is found. The
discrepanev is probably not serious. The second
diserepancy must be minor since the lines are so weak.
The greator line broadening in the glow-discharge

. oxidized samples makes it difficult to obvserve the

weakest lines, The third discrepancy is unexplained.
Conparineg Tablas XV and Yl we find a consistent tendeney
for the 1.67 and 1,61 lines in Table XV to be weaker
then in Table]ﬂx The two lines tend to have equal
intensities in both cases, however,.  We cannot be sure
whether an additional phase is indicated or whether
the intensity scales are somewhat different in the two
cases becsuse of differences in line breadth., The
fourth discrevancy seems to be of general occurrence
(see Table XX) and indicates that another phase may
be consributinq to the lines at l.45 and 1,24 (and alse
2,36). Acain the results are not quite conclusive,
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TABLE XX. COMPARISON OF OZONE AND GLOW
i DISCHARGE OXIDTZED SILVER FILMS

" Ogone -

- The d/a vaihfa are in angstroms, followed by relative
o iy e 4 :

’ _ DC Glow Discharge
Mabd Tube 1927-16-5 :
o Taple XV o Transmission
da/ml(I) % - " -d/alI) :
02{2) 3.01(5) B
.73?100) 2,76(100)
068(3) . S
.50(10 2.50(20
.36 903 Ag 2,36(90)  Ag
ooz0] A 2:07(6) A
05 . 9 . g
.68(2) 1.67(7)
.60(2 “1.61(10)
151(1) o
Ah(20) Ag 1.45{(15) Ag
«28(1) el
.23(30) Ag st -1e2h(16)  Ag
.21&1)  ee- .
J18(5) 1.19(4)
JM(1) 1.24(1)
987(1) -
+940 s; »939{2 |
0917 6 ' '917&' E
.836 5; «837(1
.787(L (1)
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‘Deapite these uncertainties thers cam be no . .
dn‘he ‘A8-to the similarity between oxidation produqtt %

‘oitained in the two cases, and we conelude that

lowsdischarge oxidation solid phases and Ag cequrs
ﬁhore is also a possibility, not defini%ely proven, -
that the Y, lines are due elther to more than ono."f
g%asa or to 2 80144 phase of variable composition.
e whole difference in powder diffraction patterns
one of intensity and this 1s not large, especially
considering that the intensities are visual estimastes

" and the. lines have diffarent breadbhs. Bevond this

w3 oannot ro at present.

 Thers 13 some doubt as to whether Ag,o is presant
or not, It seems highlv unlikely that an¥ large e

 provortion of Agy0 1s present, but a small amount

micht remain undateoted. Az has heen pointed out
previously the Ag,0 line at d/n=1l.42 probably e
eonstitdutes the hest test of whather-Ag0 is<preaent.
The neighboring silver line at d/n »I,Li is, howsver,
verv close and we have alwavs to vonsider thae gnesfion '
of whether reduced resolution due to line hroadening
might prevent resolution of thg two. In the case of L
tha regtons with k0«60 and >60% transmission of tube
1927615-1 {first and second columns of Table IIX) '
rasolution is clearly high cnouegh since a line pair
at 1,24, 1,226 is resolved in the first case and a

ir at 1.?h 1.228 is resolved in the second case.
n neither caae is any line at 1..2 found and henee

" Agp0 is eithor missing sntirely or present in very

small provortion. The remaining samples of Table XII
do not have a line at d/n s 1.L.2, but at the sama time
adeouate proof of high resolution is not contained

within the data and hence we cannot unambiguously

conclude“that,A% 20 is abgent. At present we can only
say that there is no evidence for any laree proportion
Bf AgzOs B

Fiom the volume of the system (1. lifer) and ﬁhe
pressure change on oxidation the amount of oxygen in
sach f1lm can be ealculated. The film area 1s subject
40 error because the thin sectlon houndary is not
rlear ? marked, The estinated area is approximately
45 em Usine thess data the weicsht of oxygen per
uné% area in sach £1lm is as givan in ths followinp
table, .
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~ From these data the film. contained 0.49 mg/enm

Tug e No, - Oﬂg én /m'z 2‘_ Transmggsiog g =i

- 3927-1k-1 T o el

1927-15-2 e 1 i ;,9
19274180 - o 0 107, 67
192716k - Qe 72

The vercent fransmisq1on is that after oxldation and is .muz.;’

measured at the point for’ which the silver film transmiesion
before oxidation was $0%. In the case of tube 1927-15+3

‘the initial oxveen pressure was 0.610 wa and the- nressure

when the transmiqqion first reached 91% (af the noint :
for whiech initial transmission was 50%) was 02600. RS

of oxvgen .
at 91% transmission, This is comnarable with the amount

of oxyegen reouired to oxidizz a silver sheet to- ‘the firs

order yellow. The anmount of oxvgen reonired to reach 90
transmission is probably not aceurataly reproducibhle.

Tybe 1027-16~k 45 unusual in that 90% transmis sion was'

neVer reached (sae Fiz, 14},

vrom the data of Sannet and uoofts ir fo]lowe that

a silver £ilm with 50% transmission, vhich ig evavoirated
as for examvle in tube 1927-1&-1 -has a thickness
°omnwha lese than 1ogA A 100A silver f1lm oont81ns

0.9%x10~ ‘eram atoms/cm~, if 010'5 packine is assumed,
Tube 192%9-1k-1 contains 4.9x10%/gram atoms of oxyesn or
‘about five oxvesn atoms for each silver atom in the region
for.which the initial silver film transmission was 5
A3 pointed out previously the estimates of cathode area
are subject to considerable error because the boundary
at the thin section it not clearly marked. In addition,
the silver evaporator ic.-sesled-in--and some ovidation
of the bead and the silver intercepted on the shield
is. to he exvpacted. Hovortholﬁaa, the ratio of.5 to 1
for 0¥y Ean 10 silver -atoms exce2ds by considerably more

thar 2ny’ reasonable experimental error the 3 to ? ratio

foy the.most hiehly oxidized- silver compound reported .

_in the literature., Uespite the fact that the average

anount. of ovysen taken up nonsiderably excacds thet
reanired to axidize ~ilver nOﬂPlnfelv to the trivalent
state, metallic silver s+till vew~ine in the section of
ovidized film which had 10 - 60% tremsmission bafore
oridation (see Table XIX). In fact, metallic silver is
2lso found in the still +hinner GPthn for which the
jnitial transmicsion was rreater than A0% (see Table
XIX). Thesz results can bz accounted.for only on the

‘bagsis of the assumption that the thicker: sections of the-

qilver £ilm take up more oxvpon than the, fhin sectioris, - -

105

et



net nece«sarixj for. 19&7415-3wer 1927-16-& sinca . e
“p¥ygen take-up in the lattar cases 1s small, It SN
_should be pointed out. that “ilm sections wers .. -~ =

Zeontained in the ‘tubes which ‘were constderably
thickey thap any £rom,wﬁ '_Tthe saﬂoles qfsTable

Wy taloeno v

\'tfﬂlhaﬂ;prn 1nusly been nointed oux that tha
o s XIL o 1]1 dwinja de. glow dischﬁrme

wiereas tha oyono OV*éide samﬁ?us*of Tahles XIII
,KI?, XV contain silver in the thin. sections hut ﬁot
“4n the thiek sections, We-might expect. differencas =
“merviely bacause the oxidation metliods. are” diffara't.,;
Neverthelede, oxidation of “sllver wires bv ngons an
by rf oslov discharze has been found to lead-to the-
“game oxidation products (Section 1.2) so it becomes
“of interest +o inquire more carefully intc possible - f
“pAanons ‘for the diffarence other then oxidotion method.
More esrefil rongideration showe that gll of the..  — «

gamnles of Tahle XTX come from film sd??fbnS‘which
“ave Ythin" $v - comparison with tha ozone oxidirzsd °
“gannlee of Seetion /.31, Consider, for ex _pﬁ_&
thichﬂuf samnle from tube 1927-1h-1 of thlaLX _
The fransmission was approximataly 20%. The Thin ’qﬂf??
qec*ion of oczore oxidized film D was scraned from “the
saction 3.5 to bi5 em from the thick end, and 1ron"‘if*-
Fig. -JL if follows thot the percentage transmissian
at 700 my was less than 20%, - The evavoration tlmea,
ol minutes for tube 1927-1Lel eoanarcsd to 15 minutes
T for film D, domnt differ enouri to: materdially alter
tha foet +that even the thick section of tube 1927-1L1
ig eompars®le in thickness with the thin ssction of . ..
Tfilm D To-ts hichly likoly thet.even the thick section
of the former tube has a thickness below the orltical kD
“yalue at which silver esrain contact 18 astablished. In’
the wemainine tubms the evaporation time is much. smgller
- {gea Table XVIIT). The results of Sennet and Scott :
show that eritical thickness pozs down with decreased
“evanaration time slthough it is about 1l00DA even for a
“2-ane evavoration.. The thickness ol the intermediate
and thin sectiong of Table YIX are unquestionably
below the ecritical, and at least some portion of the
arca scraped in samnllng the thick section also has
thickness helow the critical. iven the thirkast»portion
_of _the thick.ssction is. gust on. tha verga,of the S
eritical thickneds. -+ e I S SR 8
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It seems VeFy Yeasonable, therefore, to sompare
ad) the samples of Table XIX to the thin seections of

. the oxone oxidiged samplas of Tabls XV, It hae

4 massivre silver but

already dsen psinted out that the znrty.dgftractioh ; 4500
spegtra are very similar, the chief differences being =
n 4 sity, and it is not sure that the differencas

similarity betwean the products of oxidation with -
osone and with tho;ggaw disscharge; not only for s

. : _ oy thin silver films. ain we

‘£ind that film thickness is tha decisive faector in-
determining the exidation products, We do not mean _
€0 imply that the oxidisx agent in the glow discharge .
4s actually osone. There is no svidence for this view,
It is possible that some ozone ie produced im the low
preaauro—glowﬁdia:g:ggo, but the steady state partial -
pressure must be s gince, with inert electrodes,

smal

: eho-gresgurq change on eperating the discharge is wery. -

It soems clear that oxidation brought abeut in the

low discharge by positive ion bombardment will be less
'in thin than in thick films because of eleetrical =
1solatios irv the formeyr. Oxidation brought about b;£ e
electrically neutral species can also be smaller. This
is demonstrated by the ozone oxidations of Section 4,31,
and fgquite poseidbly the same situation may prevail in -
oxidation by neutral species in glow discharges even -
though the oxidising species are not the same in the two
caseg, provided that nueleation 18 the rate determining
step in thin filma,. The evidence thus far quoted does
not distinguish between the two alternatives. It is, ..
in fact, possible that both positive ions and neutrai )
species eontribute to oxidation. SRR S

There is some evidence which points to nueleation .
rate as sn important factor in glow discha oxidation.
The highly nonuniform oxidatione obtained with certain
evaporated silver filmes has been pointed out in Section
3. The films peferred to had thicknesses of 10,0004,
much ater than the films to Table XIX, It seems
certain that particle contast is established in such
thick films and that current distribution 4n the base -
metal cannot account for the nommiformity. Moreover,
visual observation indicated complete cathode coverage
b{ the glow in oxidation of tbese samples. This
observation is of course, only qualitative and does not
insure aceurato“uniformiiy-of"current density over the -
cathode, At the time the expsriments wore performed,
however, wa found it hard to reecncile the nonuniform
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oxidation with the idea of nonuniform current density 3

41 view of the appearance of the discharpge., It has
ot

also been pointéd out in Section L.2 that nonuniform

© - oxidation of silver wire by rf plow discharge has been
"observed which is very similar to that observed in’
- ogone oxidation, This observation is apain consﬁstent

with nucleation. Finally,-the observation in Sectinn i
432 that oxidation beginninp at points, and mot = -
was observed in oxidation of a silver

In of gradeé thickrness by repeated discharge of a

'vondenser 13 also auggeq*ive of a nucleation mechanism.

. The hynothesia of a low nucloation rate seams to us'f
to be plausible in view of all the evidenes, In the case
of the glow-dischargs oxidation of thin films we cannot
exclude, howsver, the ponsibility that electrical iso-.
lation 4s responsible for the failure to nucleate., Very
thin insulating layers of some impurity may also be &
factor. At present both of these muaot be lumped with

 -other factors as possible causes for what we have called a

®low nucleation ratem™, In other words we have nothing to
offer as a mechani%m by which nucToqtion is promoted or '

retarded.,
bo3h. Silyer _f;.a%ifm
: yg.qgmmerc al_progcess, n i

' In addition to the tubea desoribed in the

proceding segtlon, x-rav diffraction patterns have becn .
prepared cof the oxidlzed surface formed by the rf oxidation,
using a commercial process, of evavorated gilver from 30%

to aonroxima+elv the maxinnm transmission, In the
diffraction nattern the lines gshown in Table XXI were obsarved.

' TABLE XXI. INTERPLARAR SPACING DATA FOR
. COMIRCIALLY RF OXIDIZED SILV:R T‘ILM

2 .d./ . (1) d/g 113

3,21 (10) 1.61
3.00 (5) 105 (zo).uAgxx

? .75 (100)i Broad 1.23 (20) -Ar

2,66 - (100)) Band 1.19
S T {20)-Agd+ X 0.938 h -Az
e e 2,08 - L15)aAg . - 0915 .. {L)=Ag
*1.97 | is | o 833 ézg-kz
1.89 1 785 - {2)-dg

*We are indebted to R.G. Stoudenheimer of the RCA Vigtor
Division of RCA for these partislly processed tubes.

~
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Tﬁd‘transparent oxide film in thesc tubes exhibited
the yellow color previously observed; however, on

scraping a black oxide aggregate rather than a peel

was abtained, The.xarQY'diffraction.photbgraphs“-d‘f"

clearly demonstrated the vresence of umoxidized -

- .pilver, thus confirming the previcus observation
‘that a 90% transmission f£ilm contains unoxidized ..
‘ailver, In the photographs-the irntense line 2,7LA

consisted of & broad line with two apparent intenaity

rather intense and it appears likely that other

phases are econtributing to these linss. The low.
intensitv of the 1,684 line relative to the l.434A
-line'agfgesta that appreciable Agqe0 1s not present.

It 18 also aignificant that, in contrast to the _
previous transmission tubes, the 3.L0 and 3,21A
lines have a relatively low intensity comvared to the
2475A line, It iz possible that some oxide =
decomposition may have occurred in the svacuated -
tube during the perlod of arproximately one month
between fabrication and x-ray powdar samnlirg, It

is also of some interest that the 1,68 and 1.6) lines
have intensities which agree well with those observed
in ogone oxidation (see Tahle X¥I), Otherwiss there
seems to be no essentisl difference btetween this tube
and ghe glow-discharge oxidiged films of the previous
Bactians ‘ . S s ,

TSN N Chemical Mature of the

Oxidation Products. -~ - oo

-~ From the~fbregoing investigation it seems to be

astablished that two solid silver oxidas, not Agad

nor AgO, are formed in the oxidation of silver by

- maxima corresponding to 2.73A and 2.60A, The silver -
diffraction lines at 2,36, 1.45, and 1.234 were = -

ozona, rf_and d¢ glow discharge., A complete structure

determination ddes not sesm fsasible on the basis of
these data, Some prorress toward an understanding of
the general chemical nature of the products can
nevertheless be made by utilizing the chemical
information which is avalilatrle on the oxidation states
of silver. This information is very briefly reviewed
balow and the connection with the present work is

indiceted.



The oxidation stete for silvnr is the'norual
one in silver compounds and is so well knovn that

further discussion seems unnecessary. It geens to:be
. established, howaver, that silver has oxidation statea

7 of ¥2 and 43 in certain less well-krown substances,
" We 'shall be particularly concerned wjth these hi@her

;fif.oxidatinn states in what follows..rsw

The*‘prly 1iterature on the hi her oxidption

'5tatos of ellver is qOﬂPWRgt gonf 2 as 1s indicated
by reviews on the subject

During the course o£ a

“i _.number of more recent investigations, however, the

"QSituig1on has besn considarably,clarified. In 1926 |
- Yost i
. precinitate formed on reaction of ammonium- persulfate

studied the initia)l black silver oxide . - ..

with 2 silver salt. The precipitate is a powerful
oxidiring agent, tho oxidation number being compatible
with the existence of trivalent gilver._ . Further
investisation on this subviret vy Carmen26 during the
course of another inV“"fi"°t10n, showed ‘that on standing
the oridation number of the black precipitate deereased
to that evnected for dival-nt silver. This indicated

a reaction between trivalent cilver and monovalent

. 8ilver to nroduce divalsnt silver. Later investizations
~ ghowad thot pure Agl could be prepared by treating

ggtassium persulfate solutions with lver nitrate.
e method of de Boer and Van Ormard</was used in

preparing the AgO sa-iple whosc pewder diffraction pattern o

is eiven in Table VIII. #is stated in Section L,1 the.
substarice obtainad 1is too strong an oxidirzing agent to

be a peroxide,

"'“Th@ pvoduct:on of rivalert ﬁilver in agueous

‘-stoluxionq v means of ozone ovidation ha een extensiVélv |
. 18

studled bv A.A. Noves ani collaborators 24

By means of kinetic studies it was shown nqt oroduction

of a hydrolvzed trivalent silver ion (Ag0%) is the first
step in the oxidation in agunous solution., The trivalent

'eilverﬁis then rapidly reduced to divalsnt silver by

reaction with monovelent silver. The oxidatisn of

metallic gilver by ozene h~ne heen studied by Jirsa and
8

Jellinelz?8 and by Tronetad and Hoverstad“9 The oroducts
formed were found to devend markedly on.the condit1038
of oxidation includins the mcoisture econtent of ozone<?,

“Both trivalent and divalent silver, in the form of gxides,
eould be »roduced, An y-rav study of comnlnv saltslO
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‘has providad evidence for the exietence of divalent
ailver in the solid state, ' e

The divalent and trivalent oxidation states for -

silver seen well established and the corregsponding .
- oxides ApgO and Ag are to be expected, -It-has.

previous ‘heen p%iﬁted out in Section 4,1 that an
‘Xeray powder diffractior pattern has.been obtained
“ for the former but not for the latter in a pure
form. It is not possibvle, therefore, to identify
Ags04 among the oxidation’ produsts hy means of -
x-ray diffraction methods., Some-additional information
can b~ obtzined, however, by means of-a- qualitative =
chamicaT study which is dascxibed below. G

l:»h2 Qhami&alw.agz&m
: of silver oxide R

elow d sgharge.

It hae not bren fessible to undertake a
detailed chemical analvsis of the oxide formed during
the glow-diascharge oxidation of silver; however, -
several qualitative experiments }avn been performed, .

A fow millirrsms of the black high-voltage rlov

discharge oxide was prspared by repsated oxidation of
a silver sheet and brushine off the loose surface
oxide. This oxide dessolved in 18N HoSo, to give a-
deep brown solution. The acid «olution gavs no ;est
~for B using a titanium sulfate solution. The solid
. .added tg a di ute acid solution oxidized I* to I ». and.

+ In alldition, the suspension of t e
solid in wat%r slowly reacts with the evolution of &
2.gas, - If tha solution is acidified with dilute

sulfuric. acid thare is en initial vigorous pas evolution

¢ which is folloved hy a slow, steady rate of gas evolution,

The chemical prooerties of the oxide described above
are ‘consistent with the assumption that the oxide formed
in the plowedigcharpe oxidation eontains silver in a
“ valence state hirsher than +l. It is also of interest

that when 5liphtlv oxidlized thin evavorated silver films
are rinsed with concentrated sulfuric acid, a reaction
occurs during which a brown coloration is observed at
‘the reaction zone, Thus silver in valence state higher
than 41 lis present even in thin oxidized silver surfaces.



: In the first of the expariments described Above.. g'_ :ﬂ;w

ﬂi}' ' the silver sheet was not comnletely oxidised, It 48 = =
Digic . ‘£0 be expeeted, therefore, that the oxidation products S
are as dsscribed in Section L.2 for silver wire, ¥ T
: the x~ray powder diffreetion .data of Table X and the
MR discussion of Section 4.l it appears that Agy0, Wy, : - -
o ‘and-\§o are the phases present. .Ag0 if present at all
- must be in small amounts, . The oxldizing Dower of the =
_oxlde must then be due tolfy -or hoth, From the -
- chemical behavior of thin fiim".and the known fact
" “that thin films oxidized in the de¢ glow discharge ~
contain mainly @, and Ag, it appeara that §o is &~ o
strong oxidizing agent. This 1s. farther. confirmed bv Ny 1
the behavior of oxide formed in the incomplste . .
oxidation of silver sheet although in this case ¥y
is alsc present. No conclusive direct evidence is
~ found that Y7 is a strong oxidising agent. It seams
‘alghly likely tnat.vl is an oxldiszing apgent, however,
because either by ozone oxidation at high temperature
or by extreme rf oxidation (Section 4.32) 93 is-
~-produeced. Since these conditions are such as to
produce ertreme ox’dation 1t seems verv likelw +hat‘?
also contains silver in a valence state hicher than %
_Since thers i3 no conclusive evidence for the vpregonce
of As0) we zre inelined to think that both V1 and 4
. contain silver with valence $3 or higher. fvo dif orent;
& ~ erystalline modifications of Agy04 might be involved,
é;’ . although no definite ovidence 1“ gvailahle to indicate
: this, Whatsver the precise structures of tha snlids
may be, it certainly seems to be established that the
oxides formed are strong oxidizing apents. - 3

b.S OXIDATION AND
PHOTOSURPACE PROFERTIES

% During the investigation of the gross eouposition
of the photosurface using radicsctive cesium, significant
results wsre obtained relating the oxidation’ step to the
‘photoelectric and thermionic emigsion of the photosurface

see roport no. 2 of this series)., The conditions for

- the preparation of a good infrarcd.sennitIVt surface on
a msssive silver substrate had bsen well estsblished at
the time the tracer studies were undertakon._ Conaequently,
-a.tube design for the tracer study of photosurface
eomposition wag adopted 1n'ahich the photosurface was
formed on a thick ( 10,000i) evaporated silver film
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L. ﬁb"ns asdumed that photoesthodes mpam
mpomu silver surfacs would he
H.m using ;h na:giﬂ ﬁlzcr’hi :

B the relation
shs silver HE gharactearistics p
ithedn albracterisiios 1a dimm*
i &the investigation sre preg
{3 Thesis of ¥, Haubagh
ai.ao domm in. dctai’f i-n ?m EI ét
seport aeriss. :

4 %s& w.‘stiul sta.gu af the tﬁhe rabriem:m
iGdsagtive tubes were preparsd en vacumm.

3 ..;ﬁga:; t’;gﬁg:i?on procesdurs used fnr pmar:ing~
3, “Ereliminary sethods oxidation.

Lo Dugus and desompose oxide at

g tor 1«2 hours.

%: 6&1 tuds to room tanporaﬁm‘

. 1

' Gxidise cathods. .

Hset tube at 190°C for 10 minutes.
is"" &gg cesium from side tube uai.ni
Avxilliary furmace to heat cesius,
" 4ye, the side tudbae. =
-j:’Z’s'a, ~ Maamure emission éur.’mg sesium
oo #ddieion using a Oalvenometer, ,
$.  Oool cesium st thermionic emission

O e,

§5 Capl tuds at sesond emission maximum,

am Seal tubs off viouum gystem.

g.r:&n ‘ Bﬁk@ tubs..
I the wmesdurement of the theraionle emission during
“peidte sdddtion 1t was not possible to distinguish
'--M’iﬁ% & thermionic emisslon gurrent and an ohmie
- fon current due to the formation of & -
_copdueting £ilm on the tube envelops. The five
%&ﬁoa wers characterized by the following maximus
 phatosurrant *w? velengths snd long wavelengths limits
m miﬁ ? 1} 620 and 950 wed 2) 750 and
? 3 {(3) tube not sensitive; (L) 955 and 1400mu j
REE ?@b and 1300mue. In the group there was oaly
ene tube (i) whigh could be elassified as a good

_é.ﬁi'rawd maitivs tube.

%mmgamz}y a nunbar of tubes ware prepared
: %y a podified procedure in which it was possible to j
‘dstarmdine the thermionis and photdelectric emission =
during esslum addition, This wis accompliehsd by
; __u‘}.ing %’m tube off the vacutm systen afier 111*1::5 |
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%hl‘31 llot and mountin the tube 13 an
oven &t 13000. e 31-Cs20r0, pellet, which -
provides metallic cesium after heating with an
induction heater, was contained in a aide tﬁba

‘eonnected to the phototube-through a fine capiliary

‘which limited the rate of effusiocu of cesium vapor

in the ghctotubo. The thermionic emission during

the  Seeium addition (which was slow becauss of the ...

ecapillary constristion) was measured by connecting v
" the tube to a vibtrating reed amplifier Browm S
- mecorder wnit. - Photoemission was followed by T,

dntermittent illumination of the cathede with 'EF-E‘*

vihite light paaa&d through infrared filters, the:

- photoeurrent being recor

d 88 a current suporimpoaed R
on the thermionic emission. The apparatus was so_ e

‘constructed that the variation of the photoelectric
- and thermionie emisaion with voltage cculd readily

.be detormined.k_ Y k.
Suhsequontly a series of eight radioactive elainm

‘tubes were prepared in which the nhotoelectric cuiasion '

~1imit of the order of 850 ~ 1000 zgaand

and thermionic emission during cesium addition were

recorded on the Brown recorder. With one exception,
these tubes were characterised by the absence of
thermionic emission end the presence of a conductian
lnakage current during the cesium addition. In

ddis on appreciable infrared sensitivity did not
develop uring progessing of the tubes, The photos
response curves were characterized by a lonilwavelength

_ghctocurrent reaponses at 500 to During the
reparation of the tubes numerous proccnaing conditionsn.\

: '.uare varied in an effort to learn the conditions for
ﬁjthe production of a good infrared eensitiva aurfaeea 'M

Pinally, after establishing that the diffieniﬁ#

- was not eonnected with the use of home made -
. -84-Ce0r0, pellets containing radicactive cesi

SWas conclﬁd iaée
~ with the silver bass and the oxidation process,  In

ed that the difficulties were assoc
the oxidation of the cathodes difficulties were ;ﬁi*;

encountered in fbrmin a uniform oxide film during
the glow discharge oxidation. It was found that -

a repeated oxidation and thermal decomposition procesa

;tendeﬁ +0 ‘improve the oxidation characteristics byt -

did net appreciably improve the 1n£rarad sensitiviﬁy,



R

In the provious qucrtnen%s the silver bass

was formed by the evaporation of a 10,000A silver s
ru.g. It was consequently of interest te prepare o
thieker silver film surfaces which possibly would =~

' behuve more like the massive silver eathodoa._*“;-“

Cathodes were prepared using thicksr silver fiimg~
and it was found that both Integral and infrared
‘sensitivity were markedly improved. During the
addition of cesium to these thicker film cathodus;
the thermioniec and photoalectric emission =
developed -in-a ‘manney similar to that observed
in the fadrication of massive silver cathodes with
good infrared sensitivity. In addition, it was now
possible to- Produce consistently good infrared
sensitive tubes having a photoelectric emission .
maximum between 900 and 950 Bmand long wavelength
1imits greater ‘than 1200 M,

“ From the experimenta it was not evident at
this point whether the observed results were dus
solely to the change in the silver thickness, or
whether there was an associated change in the
.aggrogation of silver which influenced the oxidation
process. Sennet and Scott’ have studied the effect -
of the silver evaporation rate. upon the structure '
of silver films, In their experiments a rate of

90A/see for a 180A film was considered a fast

, evggoration rate, and a 21,5A/minute rate for a

film a slow rate, Films evaporated at high
rataa sontained particles whose sizes differed
markedly from those evaporated at low ratee, In-
both cases. particle sizes depended on the amount

”evaporated. Using these extreme rates as a basis

an svaporated silver cathode was prepared with a -
‘silyer film half the thickness used in preparing
the potr tubes, The evaporation time for this filn

. was approximately ten hours compared to the 15

nminutes used in the preparation of the poor tubes,
The cethode characteristics during the fabrication
of the tube were normal, and a good infrared-
sensitive surface was oﬁtained. The photocathode
prepared was semitransparent. Thus good tubes

'cohfd”be prepared by either increasing he silver
_thickness or by changing the rate of ]

pO,SibiO!) of . i
the silvar substrate, . . B

s ~?‘5; Frem the oxperiments quoted above, and -si;#:7 R
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“oo eonoidcrin the difficulties wh‘loh have boen '
- encountered in the preparation of semitran ;paront

G cathodes dy evaperating silver films to
Lm - tyansmission fb owed by oxidation to L
.7 transmission, it appears that the silver £1ln
: astrufture ané the subsequernt oxidation step may
# _exert a prefound effect upon the final
“Zeo - characteristifs. of the photo surface. In- the. : by
... * poor tubss (i,e, those having low infrared ... . ..o
.;j;if_,j:senaitiviey) the characteristic eabsence of =
7 “apprecliable thermionis emission- during cesiun
a dition is an interasting fact. o

: The experinenta dcscribed above were.
performad on photocathodes of several thousand
troms thickness, far beyond the eritical
_th ckness at which the merging of silver grains
takes place, It would:be of interest to have
exporiments at hand to illustrate the changea which
occur as the silver film thickness increases through .
the critical range., Such experigﬁnts have been
.performed by Morosgov and Butslov They first
established, by maans of auxiliary measurements on
electrical conductivity that grain contact is
established in passing m silver films containing
; 7 micrograms (4g) of silver parzsqunre centimeter
g[} ; to films which contain li ug/cm*, If the void
focid i yolums were sero the thickness range would te 70
to 1hOA. . They then prepared photocathodes
“on gil,¢, £ilms of graded thickness which covered
the range from 7 to 14 kg/cm~ and beyond. The -
apsotral rasponee .measured at a point on the film ot
3 : cantaining 7 ue/e n? of silver, had a maximum at i
St O MR T ,puayelength and a low infrared sensitivity.,
e 'At 1 Abg/on® the maximum had shifted to 750 m :
oo - god the infrarved sensitivity was grestly increased.
i g ateady gradation occurred in the intermediate
© ..pange,. This estadlishes that-an increasea in .
iafrared: ainsitivity accomgan%is the grain merging
process.,, Morozov and Butslov’% state that beyond
1L fig/cm= no further change in spectral response
takes piace, In view of the experiments
"~ previously deseribed, on thick silver fiims wa
. _cannot, of course, _Qgree that this is generally the.
.. case, This does not mean that the results of :
. . Morosov and Butslov are in error, ' In fact we haVe %
reposted their experiment, with less care, and
obtained similar results, although the results are
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_"étatemsnts.‘%Our”oun-exper

.. conclusively demonstrate that the prepara
- oxidation of the silver base have a decisive ;
- 4nfluence on infrared sensitivity of the finished -

more sensitive to processing conditions than was

4indieated by them. There are probably two effects.

One sets in at small thicknesses and is connected
with silver grain mergings The second effect may

- ocour at much larger thicknesses depending on the
_manner of p:epgration”or_the silver bass,

'flﬂe[cahhot at present g;ebeyond‘thase genaral‘~,
em r iments, on.paotocathodes
prepared on thick evaporated silver films, by

1on~a§d~'f~;~

otocathode, It was recognized from the very
ginning of the resesrch that this be so,

Some sugrestions for further study are described
in Section 5.0.

5.0 DJISCUSSION OF RESULTS, -
‘SUGGRSTIORS FOR PURTHSR WORK, .

‘The investigation of the silver oxidation step:
was undertaken partly for the purpose of establishing
methods of control in the fabrication of photocathodes
and partly in the hope that new prozess variables
would be disclosed which might help to account for

the poor reproducibility sncountered in the preparation
of infrared-sensitive cathodes, . The control methods .
adopted are not very different from those employed in -

the industrial manufacture of cathodes and have been
clearly described in the previous text. In this-
cancluding section, therefors, attention is devoted
to the description of those variables which might -
reasonably affect the finished photocathode, A brief
appraisal of the present status of the probvlem is also
included, together with some suggestions for further -
In considering the possible factors which might
influence the finished photocathode it is important

- 4 distinguish clearly between these two: (1) the
- types of solid phases which are produced, and (2] the
- particle size for each phase, = .= . Wt st S
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but-a‘ﬂg%ghgggfgggn,was obtained only 4n the final -

- stages of the Investigation. As a result it now -~ .
- appears that still further investigation of the
‘silver evaporation and oxidation would be worthwhile,



“Attention in the prasent study has bocn—dovntcd e
almost entirely to the first of these. factors, In
order to make headway on phasé identification it
has been necessary to lay aside the question of
particle sise determination, As .a result we have
only qualitative information on the 8ives of
oxidized silver particies. The x-ray d b4
investigation of the products of oxidat
in all ceses an X<ray. diffracﬁion

‘.. The solids are therefore crvatdll

¥  linear dimensions greater than : n oall '3

Byen this ronclgr}on must, howsver, be viewed with

some caution. ain growth may ocour g;gg_ the

sample has been taken for x-ray: anslysis. For
grain contact is more intimate in the powder sample
scraped from a film than in the original film, and
considerable periods of time usually elapse before
x-ray photographs are completed. 'Grain growgh.1s
undoubtedly possible under these ¢onditions. -

This is especially true for thin films oxidized in

a de glow discharge aince the particle size is very

gmail in the film before s.mpling. A case has -

already been mentioned in which grain growth of
silver particles did take place. In ogzone oxidired
films the particles wers already of considerable -
sige before the sample was taken 80 suhsecuent grain

%@' 5 growth is probably of lees importance, Finally it

‘ must be emphasiged that in the de glow discharge
- — oxidized films the samnles were ggggg% bove

geﬂge;ggg;g. In preparing a photoccathode t e
ized film is heated to a high temperature
(ranping from 1509C to 190°C depending on the method
of preparation) before adding cesium. This is a step
which 5eems certain to promote grain growth, ,
If the objective is to obtain information on grain
size immediately prior to cesium addition then the

oxidized film should be preheated. This has not
been dona in ocur experiments. Despite the

ey gt e, .

Tt 1s also possible that grain growth may occur in
the original film on standing if the particles are

vory fine., It is not unusuval to observe changes
with time of electrical conductivity of thin silver
f1lms, Such behavior has been repeatedly reported
by other investigators.
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oxide particles produced but
products. Factors (1) and (2) above are R

uncertainty which arises on account of the above
factors there is, nevertheless, considerable
information available on particle siges in silver
films since other investigators have studied this
question. There 1s, moreover, considerable
evidence which indicates that particle size and
sige distribution in the original silver film

can influence not only the ggg%g of the silver -

S0 the gxidation

therefore, inter-related in a complicateé way.
Before returning to further discussion of this
point a brief summary of the facts is in order.

: Ag far as the type of solld phase is ‘“f'~
concerned, the thickness of silver base sesnms to
be a variable of major importance, This shows
up very clearly in the ozone oxidation of silver
£ilms of graded thickness, It also appears when
we contrast the products obtained on the oxidation
of silver wires with the dc¢ glow discharge
oxidation of thin silver films. In the oxidation
of wires the supply of silver is never exhausted,
80 conditions are similar to those which prevail
in the preparation of photocathodes on a magsive
silver base. It is found that Ag,0, @, and
phases are all formed with Agp0 next to silver

and ¥, ﬁ further out. In the case of thin silver

films Lot 50% transmission oxidized in the d¢

glow discharge to transmission residual silver
is found in the oxidized film, There is no

avidence for the presence of either Ag,0 or Y ‘
solid phases, however., Under the conditions which
we have used for oxidation thers is undoubtedly

‘a_difference_between the solid phases prodgged-by

oxidation of a massive sllver base and a 5
transmission silver film, It is not particularly
surprising, therefore, that the final photocathodes

~ should be different, although the pracise

mechanism by waich the difference arises as cesium

is added to form the photocathode is not known,

It has been consistently observed in our preparation
of photocathodes that those prepared using a massive
silver base have higher infrared sensitivity than
those prepared by oxidizing a 50% transmission
gilver film to 90% transmission. This statement
applies whether the thir film oxidation was performed
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SR AT,

using an rf 516w d1scha:ge; an intermittent

i discharge produced by repeated discharge of a

" high voltage condenser, or & dc¢ glow discharge,
Judging from the commercially manufactured = .
i photocathodes which we have tested, both massive
- and ‘ssmitransparent, the ‘differences between
massive and thin cathodes which we obtain sre
much greatar than are normally encountered in
<+ the commercial fabrication,  This occurs despite

i an attempt on our part to follow the commercial

procedure. The massive cathodes which we have
prepared by carefully controlled methods usually
have higher infrared sensitivity than the
_eorresponding commercial product, but the
semitransparent cathode has a much lower infrared
sensitivity than the commercial cathode, This
sugrests some difference in our processing method
from that used in commercial practice, but thus

Par we have not found the reason for the difference.

As was emphasized in Section L.5 the thickness
of silver base can affect infrared sensitivity in

two ways. The first is connected with silver grain-.

merging and occurs at small thicknesses, The second

- extends to much greater thicknesses and appears to
be of a different character, The effect of o
-evaporation rate suggests that~%rain 8lze rather
than grain gontaet 1s a factor in the second case.
A slow evaporation is expected to result in larger
_grains, The fact that high infrared sensitivity
is thereby obtained is certainly suggestive., -
Confirmation is provided by the faect that high
infrared sensitivity is invarisbly obtained in-
massive cathodes with silver sheet, containing very

large grains, as the base.

It is suggested_aﬁove that both grain goﬁtggg b
influence

and grain 8 in the silver film have ‘an

on the resulting photocathode., The first of these
seems to be established while the second is
tentative, We now considor how these twoe factors
affect the oxidation products, It has been amply
demonstrated that the nature of the oxidation
products changes markedly on passing through the
region in which grain contact is established., It
is also possible, however, that silver grain size
may affect the oxidation preoducts further, even
though grain contact is established, This . i
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is g e posa;bilxty arises as follows, - Inventigation of thc

T o 4 oxidation of otlvur wire indicates that oxidation o

"§E} -7 proeedds most vapidly along grain boundaries see. . o
RS ERART B refy i ;ﬁ51ngo evaporated silver films comtadn - 0
H : - mich smal. ains than massive silver wire or 2 o
s + - “sheet, whiuh o*drann from the ‘product. crystalliz {

o e o fyom & melt, it follows that small grains are ‘quickly e

P oo gurpounded and oxidized to completion, Durin _____ Xthé
' : 1t itages of oxidation'of a given grain L
‘ars probably form. A eore of anoxidized
expected-to surrounded H; a sheath: or

S ietlver

) and further out a sheath of If the
e , - supply is exhaustad then Agad 18 al’so further
ST L J',oxidised‘hoii This tentative picture suggests

. that the preporﬁ on of Ago0 depends on silver grain
i ~_sige even though grain contact 4is established, It
o - would be of considerable interest to extend the
: -~ xeray investigation to thick evaporated silver films
~in ‘order to test this point. No new technigues are
required for this investigation. The suggestion
that silver grain size may control the nature of
the oxidation products geems to us worthy of further
study. Por it is certainly true that two oxidized
surfaces which contain chemicals of widely diffsrent
properties just prior to the addition of cesium S
- cennot with any certainty be expasted to contain tha
‘same oxides of eesium after processing is finished, -
N “- - _This is especially true since Ag,0 is a much weaker
*§? oxidizing agent than either ¢; or Y». Moreover,
.eight different cesium oxidea are known 80 finai
produet 13 by—no means -assured, - ; =

i st : In.the above.diecussion the naturs of the
i3 . ~ oxidation product has been emphasized. The particle
o2 . ‘gise of the oxidation. srcduct Just before cesium . -
S mmst also be considere Here we have so little
= 4information-that no conclusions can be drawn. In
. ¥iew of the remarkable effect of silver grain - ..
; isolation onthe products of exidation it certainly
geoms necessary to investigate the particle size .
; before cesium addition. There seems, however, to.
Er il --be little point to spesculation on the probable
e ' outcome until experimental data have been :
' 'accunnlated.

: In our past- th.nking we have-usually aasumed
implicitly that impurities arising, e.g, from

g - s - vacuum pumps or traps, could affeet a photocathédé gaths
i X .because adeorption on or reaction with ‘the ‘surface.
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s,

I..;by'actin
| -preparat

s

brought abune.a ohange in wbrk function. Thia

- ' comception essumss that a very small amount of

Syt 'af!tcts the photeeat 1ode gf;gn hase
lres 7 ¥ + ~The. nucleat on é%&bept
scussed in connection with silver oxidation,

T* 1eada uS'to_aak however, whether an equally smallél"*

amownt -of g;ﬁ”,-ﬁy,might affect the photocathode -
during the very first step in the
-namely the silver evaporations Anm -
it influence the course of auhaaqnsnt —«4; -
chemica réaction 4f nuecleation is involved, - -

This 3 gtion opens up some distinctly unpleasant

possibilities. It should be possible, however,

to experimentally test this goint by studying the

influence of impurities which might be added to

the eilver bsfore evaporation, evaporatsd on to X

the substrate before silver evaporation, or

 added in gaseous form to the vacuum chamber in -

vhich evaporation takes place. A deliberate

program of investigation whose purpose is alteration

of the silver base.would be of considerable interest.
Preheat treatment of the silver base both before

_and after oxidation would also be of interest and
& more .systematic study of process variables in the

glow discharge oxidation, particularly the preasure,

’might well be included._

Thare is apparently no lack of possibilities
for investigation, The only question is whether
the possibilities show sufficient promise to make
the investigation worthwhile. It appears-to us that

further gtudy of the silver base shows promise., In

other cases the situation is not sufficiently clear

to permit a definite ‘statement.
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A APPENDIX. I
OXYGEN PRESSURE MEASUREMENT

In the experimental investigation of the

preparation of the S-l photosurface it was **j*ﬁﬂfffff#:*ﬁ>f

necessary to be able to measure rather small
QiSiropden Ln precyury in the Junge from.Go)
‘%0 1.0 mm Hg, Th

m he pressure measursments were
performed using two micro Piranl gauge tubes

_designed by Dr. 8. Naiditeh while working for

The Ohio State University Research Foundation.

Since the %auge'units developed have proven :
very satisfactory it seemed desirable to describe

the two systems in detail. The micro Pirani .
gauges for vacuum systems I and Il are described

in the following sections A and B respectively.

A, MICRO PIRANI GAUCE FOR
VACUUM SYSTEM I

The construction of the micro Pirani gauge
tubes which were used in the pressure measurements
4s shown in Fig, 15. These gauge tubes are quite
stable over long periods of time in the measurement
of oxygen pressure in the range O.l to 1.0 mm Hg,
To reduce the temperature fluctuations of the
Pirani tubes they were surrounded by a Dewar
after being attached tc the vacuum system,

" In vacuum aystem I the pressure was measured
using the unbalanced Wheatstone bridge circuit shown
in Pig. 16, The procedure followed in the use of
this gauge was as follows: The bridge is initially
balanced with the 500-ohm Helipot to pive no -
galvanometer deflection with the open Pirani tube
at atmospheric pressure and the galvanometsr shunt

tentiometer in the high sensitivity position.
fter balancing the bridge, the 100-ohm shunt
shifted to the low sensitivity position and the
Pirani tube is evacuated. After introducing oxygen
to a pressure greater than 0.3 mm Hdg the 100-chm
shunt is shifted to the high sensitivity position

‘and the galvancmeter dsflection used to determine
the pressure. s .

This Pirani gauge was calibrated using an .
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oetoile3 manometer for which 1 mm Hg was
equivalent to 14,9 mm of 0il. Two sets of
salibrations for this gauge ars shown in Fig. 17, -
From the data it is evident that in the period
from August 11, 1950 to February 25, 1952 there
‘was no significant change in the caiibra;ionoa :
For the pressure range from 0.3 to 3,0 mm Hg the
calivration curve is well represented by the = -
Ceaquation L S
where 8 is the palvanometer defleeticn in ...

eéntimeter and P the pressure inmm Ag. = .

ftuThQaﬁrincipal-soﬁrceréf error in this

ety igéufp unit arises from the method of ealibration, = -
. It is probable that the absolute pressure could -
T 7 " be 4n error by as much as 0.05 mm Bg, However, - -
z:e;aoasurqd,Quantity of interest is the difference -
n oxygen prassure, and this should be aceurate ;
.to approximately 5 microns. Caie e s

g

" B. MICRG PIRANI GAUGE FOR )
VACUUM SYSTEX II e gk

- Por the tracer photosurface composition study
it was desirable to measure the oxygen deposited
during the oxidation as precisely as possible.
Therefore, & more precise system for using the -
miero Pirani tudbes was developed.

The eircuit consisted of a balanced Wheatstone
bridge eircuit as shown in Fig. 18. The variation
of the miero Pirani sensitivity with the input
voltage to the bridge is shown in FPig. 19. The.
deviation of the 2,0 volt curve from the family '
may be dus to experimental error, The gaugs .
wvoltage chosen for routine operation was 3.0 volts.
In epergtionwthe'gauga'has'a'sensitivity of 1,7 om

alvanometer deflection per micron at 1 meter seale
istance for the pressure range 0.6 to 0.9 mm Hg,
and approximately 6 em per mieron for the range
O.4 to 0,6 mm Hgs In actual operation the
galvanometer was used as & null instrument and
readings were taken from Helipots in the lower
left arm of the bridge as shown in Fig, 18.
gﬁoao-raad;ggsaaro used on axés in Fig, 19 and

AT TR e Ny Ay
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- e The sensitivity of the gauge can be increased
' = by placing the tubes in a liquid-air bath but this
%@E s G marked increase did snot seem necessary, The gauge
' was actually calibrated at each tube fabrication, -
and slight temperature fluctuationa had no-great T el
effest. The calibration of ‘a Pixed ohm point
- at several temperatures is shown in Pig. 20 and ™ ‘ £
_aevaral ‘ealibration curves at different temperatures - .
T+ 'ape shown in Pig, 21, The numbers at the potnts S :
el T ; 1ndicate the date and phototube number. e
; b . The resiators shown in the bottom-lert arn
S of the bridge in Fig, 18 were Helipots. The -
[ ' : 1000-0hm resistance was set every 10 ohms and the :
' - . 10-ohm Helipot was read to 0,01 ohm but wag stable
e to only 0.1 ohm, -The lOOOnohm resistor at the . .. ...
Sk ‘bottom of the bridge could be switched in or out Bt
of the circuit to change the range of the gauge,
For this work the resistor was always in the circuit,

' %auge ‘was calibrated as follows, referring
to Fig. the vacuum system, =

An absolute pressure point was obtained by

introducing dry oxygen through the tower into both
: ~ the manometer and the micro Pirani calibration bulb.
% | ) For Fig, 22 this mesns that sto cocks (1, 2, &
i .ak are closed and (3, 6, 7, 8 0) are open. lrter
Fd adjusting the preesure to io - 11 em Hg the stopcocks
" _ 7, 8, 10) are closed, The micro Pirani

ca'libration bulb volume w ameaamd using merc
- - and was found to be 18,01 including stopcock (3

; Stopcocka (1, L) were opened and the system

; evacuated, After complete evacuation stopeock (1)

; was closed. - Stopcock (3) was now opened and the

r -~ 18.01lm& of oxygen at the original ssure wll om Hg)
1 - was released into the system which necluded the

; - approximately 2-liter bult and the bulb for volume

determination, but not the manometer., The aetual
volume of the two liter bulb was 2075, « From

the initial volume and pressure and the final

volume, the final pressure may be calculated, The
micro ﬁirani is read at this point and the calculated -
preasure is assignod this ohm reading,

| S‘bopcockl {3, 4, 9) are now closed and atopcock _
Rocon L K a f(2) ie cpenoi, thu SE evacuating the micro Pirani i :

..‘.'..--‘. —f——<'—.-v«-__...g.-.-':"__'{:{!fi‘ré:m;-;...)ﬂ. =N
onni il
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calibration bulb

s closed and (

By#is'apenad.uull oxygen at

known volume and pressure to expand into a known

-volums; henge, th : €
qvand~gssignedran;'hm;zeading;gjﬂappatinz this process

provides additi

> eurves, - The wo

. 85 compared to Fig.

:.A_,,Q' .

)

the final preseure may be calculated’
onal points for the calibration
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~ .=  APPENDIX II

DESCRIPTION OF MICROSTRUGTURE AND OPTICAL

- PROPERTIES OF OZONE OXIDIZED FILMS
Thé:reshlts-6f-tﬁé~hicrbsc6pic eiﬁminétiaﬁ of

the filmg may bte-summarised by describing the -

‘variation in microstrucsture of oxide as a function

of thickness, In the discussion of the individual
samples the terminology "blister oxide™ describes
a black oxide film which formed ag a blister with
a continuous microstructure. The "granular oxide"
corresponds to black oxide greins which usually
have a roughly srherical shape and are separated
voids of appreciable size compared to the particle
size, The "continuous film" refers to a structure
observed in the thin portion of an oxidized slids
and which consisted of an unoxidized silver film
more or less bonded to the glass substrate, The
small oxide particle which at LL4LOX apparently

‘rested on the continuous film actually mey not have

made contact with it. The microstructure around:
an oxide particle on the continuous film could not
be resolved at magnifications of 600X or less.
Microscopic examination of the silver films before
oxidation revealed a continuous silver film having
no marked microstructure,

: ion. Heglon U=0,8 consists of a blister

de on top of small isolated oxide grams, Region
0.8 - 1.3 48 a "lace-like" granular oxide with

large voids and relatively high transmission.
Region 1,2 - 1,6 is a semicontinuous oxide film
with rather few voids., Region 2.0 - 7.0 is a
continuous film with oxide granules dispersed

on the surface. These oxide granules decrease

in sige and number per unit area with decreasing
wedge thickness,

: Film B, (2 e A : C
gzi%g&ign . glon O~l consists of the blister
)

xide on top of small isolated oxide grains. From
1,0 to 2.5, granular spheroidal=sha oxide i
particles with decreasing size as the film thickness

deereases, void area small, From 2,5 on, fine

particles at 90X with relatively large voilds.

e 132"



Proa.s.o to 8.0 the particle size of the oxide
? rest on a thin silver film is
2:variant 440X) but the number per unit area

‘dccroaaes as the silver riln thickncna docrsasea.

de. on top or a granular ‘oxide with background

'ot minute oxide particles. From 1 to 2 the film
conslsts of small uniform ulas with ap recidbl
void volume, At 2,0 -the f becomes cont: %

with snmall aggregates of oxide present on the

surface, PFProm 2.5 to 3.5 there ars small isolated
islands of black oxide plus a uniform distribution
of small grains on top of & silver film. From
kO to 8.0 small oxide particles (L4LOX) are
distributed on a silver film substrate.

largo number of very small particlss dispersed
betwsen the granules, From 1 to 2 the struecture
eonsists of elose~packed uniformly siszed spherical
grains, the sises of which decrease as the wadge
thickness decreases., From 2.5 to 8,0 there is a
continuous film substrate for the small (4.0X)

- oxide particles. -The particles appesar to be more

cloaely pakeced than in Film C,

granules with appreciable void volume, from 1 to 3
the sise of the granules decreases with rather

~ large voids relative to the particle size, From
3 to 4 the samll particles are close-packed while
‘ beyond A the particles are dispersed on a oontinuous na
f4iim and have a rathor small uniform particle sizo
at LLOX,

oxide granules whieh deoreaee in eize as the thicknesa
of the silver decreases. From 3,5 to 8,0 the film
appears to consist of a continuous silver film with
small (LLOX) gpheroids of oxide resting on
continuous lm, ; _



E7 S

Ly -_ _ ,-‘ 1 .. ",
continuouu riln starts at k.O.

o . N 5 ] . p
eont uous filn ntart at k.O. Tho particla sise

uniformly decreases from O to 4.0 with a narrow
size distribution at each segment across the élida, 5,
The void volume 0 to L.O 13 rather anall. ‘

gﬁ '
the thin section could not be definitely established
L40X, The size of the granules decreases :
raﬁularly as the thickness of the initial silver
decreases,

- ration 28°'
or the thic si ver region of this
slide <( i T) the surface was characterized by the

formation of a thin blister oxide which pseled and
thus exposed a fresh silver smrface to the 04

which then in turn oxidised and peeled. The adhesion
of the oxide to the silver was poor, and after:
oxidation a thick silver film remained &t the thick
end, In the intermediate region the oxide structure
changed to a granular "lace-like" network of oxide
grains, In the thimmest portion of the surfece the
oxide grains were rather closse-packed and very small,
There was no evidence of a continuous f’lm

oxidation appesred to have occurred over the entire

surface of the silver film, Depending upon the oxide o

structure present, there is a systematic variation
in.the tranemdaaion, tha "lace ike" regions bheing
the highest, the granular oxide in the thin regions
next ;- and. the. blister oxide regions are opaque,

The mierostructure of the filus it correlated
with the variation in the transmission of the wedge
with wavelength and distance along the wedge. The
transmission for the rather coarse granular oxide
at the thick portion of the film is independent of
the wavelength, the transmission being a measure
of the void area, ¥nen the ¢oarse grain strueture
changes to a semicontinucus film with small black
oxide granules, the transmission tends-to increase
with 1ncroasing wavelength for the range 600 to

136



1000»Eg¢ _The actual form of the curve depends
upon the structure and distribution of the oxide
grains on the surface. In the cases where the '
transmission increases with wavelength for the ;
very granular portion of the film (6 -« 2,0 em). T8
there are very smeall oxide garticles diapersad -
between the large grains., In the transnisaion

versus thickness eurves of Figs., 10 end 12

. the maxima and minima in the transmission between

0 and 3.0 are related to the chanios in the :

structure and packing of propressively smallesigze

oxide grains. The optical propertics beyond '

3,0, however, depend upon the amount and

distribution of residual silver as well as the

size and distribution of oxide grains.

The transmission data indicate that 50’
transmission silver may be ogone. oxidigzed at room
temperature and 100°C to give films with
transmission., Films oxidized at temperatures .
above 100°C showed less than transmission
at the region originally showing 50% transmission,
However, since the variation in the transmission
of the film during the oxidation was not studied,
it cannot be definitely stated that silver cannot
be oxidized from 50 to 90 percent transmission
at the higher temperatures.
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APPENDIX III
'MICROSTRUGTURE OF RF OXIDIZED FILMS

It has been reported by Borsiak snd Morgulis33

~ That & glowedischarge oxidized silver wed ormed.
.- on.a. glass substrate axhibits several maxima and
- minimg in the reflection coefficient (A= 800mm)
~ 7 with increasing thickness of the wsdge, Their film
“ exhibited a completely clear interference picture -

corresponding to lines of equal thickness. To obtain
a verification of these results a tube was prepared
in which a silver bead was evaporated from a central
electrode to give a wedge-shaped cylindrical silver
deposit on the tube wall which was thickest opposite
the silver bead and thinnest at the remote end of
the tube, The silver was deposited in 15 seconds
with thg pressure in the syetem less than

2!10- mmHg' '

After introducing oxygen into the system to ‘
Py, = 0,705 mm Hg, grounding the anode, and plaecing
a gylindrical aluminum foil electrode around the ,
tube, the rf generator was turned on and the film °
oxidized to P,,30,365 mm Hg., In the thin film
r;gion the sigaer appeared to have been completely
oxidised, but the region near the oxidized Af -
massive Ag boundary showed very brilliant colors

by reflected light., More oxysgen was introduced

to give P,, 0,880 mn Hg and the film further

~oxidized t0 Pyo = 0,610 mm Hg,. At this point the
- 8ilver had been oxidized s0 that the demarcation

between oxide « Ag was opposite the Ag head,

vacmm system.

By “r'éflec'ted,,- light the !'iln showéd a pattern

After evacuation, the tube was tipped off the

of eivdular bands the colors of which varied with - =

the distance from the silver bead level., A
schematic diagram of the variation of visual :
transmittance as a funetion of wedge thickness is
shown in Fig. 13. The colors observed by
reflection and transmission at the variocus
numbered points of Fig. 13 are given in Table XXIX.

Yo

. No proncunced spectrum was observed by reflection
from the air-oxide interface. i b -
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Examination of ‘the film at 901 ‘with transuittod
14gkt showed that 1% consisted of & yellow transparent '
matrix in vhich were embedded minute particles of o
‘some material (possibly Ag)l. The deneity of small
particles was atest in the regions of minimum .
~ transmission (Mg. 13) and least in the regions -

% . of maximum transmission. C. 1 microscopic :
.. examination at 100X of the yellow transparent regiona
.- _-nesr-the massive silver demonstrated that the
_particles in the yellow matrix are uniformly diatributod
in depth, The size of the particles decreased in the
. order of region 2, L, 6, 8, Individual particles could
not be reso ved 1n region 10 and beyond. gl

Lor¥

_ Since the colore of the surfaco are not vory -
dependent upon the angle of ineidence of the light,
it is probable that the optical properties are related
to a light absorption and scattering process, It is
indicated in Part II of this report series that the
oxide surface formed by oxidation of silver from

50 to 90% transmission exhibits a yellow color. From
the data it is evident that the relationship between
color changes accompanying the rf oxidation and the
thickness of the oxide film is not a simple one. It
is possible that the color changes are a measure of
the distribution of small particles in the oxide film

! : and not really a measure of the film thickness in the
%} : ~  sense of the conventional 1ntarpretation of interference
colors, Definitely, the es o)

rf oxidized 21;g<§;g nop &_ the silver
!%ﬁI:EE.mi- An x-ray act on character zation
of this type o rf oxide surface would undoubtedly -

provide information of value to the understanding of
the oxidation mechanism. ;
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